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ABSTRACT 
 
 
After vanishing from the public eye for more than 50 years, bed bugs have 
resurged to become one of the most widely discussed and heavily researched insect pests 
in the westernized world. Our inability to prevent and successfully treat infestations has 
been the driving force behind this wave of research. I addressed gaps in our 
understanding of bed bugs by examining behavioral and life history characteristics, as 
well as insecticide application responses. I showed that natural-based products are 
generally ineffective against bed bugs, particularly when used as a residual treatment. I 
also found that bed bugs may be killed through horizontal insecticide transfer, and that 
the efficacy of such products may depend on product formulation and surface type. 
Further investigations revealed that several of the most commonly used industrial 
products are only moderately effective against bed bug eggs, and that some completely 
fail to suppress egg hatch rate. Some products appear to affect the orientation of bed bugs 
that are exposed to an insecticide-treated bug. Whether bed bugs are avoiding products or 
bed bug alarm pheromones released in response to products remains unknown. 
Investigations into bed bug behavior and life history produced several interesting 
findings. Although behavioral assays used to detect orientation of male bed bugs toward 
females based on airborne pheromones failed to product significant results at α=.05, 
results were significant at α=0.10. Trends in data were similar to what one would expect 
if males are capable of detecting airborne sex pheromones. Investigations into the effects 
of male nutritive status on female fecundity revealed that females are capable of 
producing the same number of offspring per blood meal independent of male feeding 
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status. These results contradict studies from the 1930’s, which found that male bed bugs 
do not attempt to mate if deprived of blood for 14 days. Finally, an assessment of the 
climbing ability of teneral and sclerotized bed bugs was conducted after noting that 
teneral bed bugs appeared more adept at climbing smooth surfaces. Behavior assays 
determined that teneral bed bugs climbed to greater heights more frequently than 
sclerotized bed bugs. Sclerotization resulted in the loss of this ability, presumably due to 
a loss of cuticular flexibility and an adhesive property conferred by molting fluid 
remaining on the teneral exoskeleton. These findings have implications for the design of 
bed bugs traps and barriers. 
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 CHAPTER ONE 
INTRODUCTION 
Although the common bed bug (Cimex lectularius L.) has been a pest of man for 
at least four millennia (Panagiotakopulu and Buckland 1999), there has been a recent 
international surge in bed bug numbers. Beginning in the early 1990’s, pest management 
professionals began seeing increasing bed bug infestations throughout the country 
(Krueger 2000). The exact cause of this increase is not known, but has been attributed to 
increased international travel, a reduction in the use of residual insecticides indoors, 
insecticide resistance (Moore and Miller 2006, Potter 2005, Potter et al. 2010), lack of 
awareness among the general public (Reinhardt et al. 2008), and even the second hand 
furniture trade (Doggett et al. 2004). As a result of this “bed bug comeback”, scientists 
and the pest control industry are desperate for more effective means of control, and 
research is being directed at virtually all aspects of bed bug biology. 
Bed Bugs and Early Man 
When and how bed bugs became a parasite of man is not entirely known, though 
it has been suggested that man’s association with bed bugs (specifically C. lectularius) 
began in caves in the Middle East at a time when bats, man, and bed bugs lived in close 
proximity (Sailer 1952). While bed bugs may have followed man from cave to village to 
city, an alternative hypothesis suggests that they may have begun feeding on man on 
several occasions when bats roosted in homes (Usinger 1966). Definitive associations 
with bed bugs date back to 400 BC (Greece), 77 AD (Italy), and 600 AD (China). Bed 
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bugs reached Europe by the dawn of the first millennia, and were recorded from 
Germany by 1000 AD, France by 1200 AD, and England by 1583 (Kemper 1936). The 
widespread impact of bed bugs on human civilization is strongly reflected by the variety 
of languages and folklore addressing the species; at least 50 words exist for C. lectularius 
(Usinger 1966), and the common bed bug is frequently cited in early literature, including 
“The Clouds”, a work by the ancient Greek author Aristophanes (Bodenheimer 1928-
1929). Bed bugs were recommended in early literature as critical ingredients of various 
snake oils, which supposedly would, among many other remedies, expel horse leeches, 
cure malaria, and even neutralize the venom of serpents (Usinger 1966). 
Systematics 
Bed bugs belong to the Order Hemiptera, suborder Heteroptera (commonly 
known as the “true bugs”) and are one of nearly 80 species of the family Cimicidae. 
Cimicidae consists of six subfamilies arranged into 22 genera. Cimicidae is closely 
related to the Polyctenidae, which are permanent ectoparasites of bats, and to the 
Anthocoridae, which prey on mites, insects, and occasionally bite humans (Usinger 
1966). The close relationship between Anthocoridae and Cimicidae has prompted the 
recognition of Anthocorinae as a subfamily within a more inclusive Cimicidae 
(Southwood and Leston 1959), though more recent classifications elevate the 
Anthocorinae to family status (Johnson and Triplehorn 2005). One recent treatment on 
cimicid systematics incorporated Usinger’s (1966) morphological data with molecular 
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data and degrees of pre- and post-mating isolation. Based on this phylogeny, 
Polyctenidae is classified as the sister family of Cimicidae (Stutt and Siva-Jothy 2001).   
The term “bed bug” is frequently used to refer to C. lectularius, though there are 
three bed bugs which regularly feed on man; Cimex hemipterus (F.), C. lectularius (L.), 
and Leptocimex boueti Brumpt. Cimex lectularius is the most widespread and commonly 
encountered bed bug throughout the world, followed by the New and Old world tropical 
pest C. hemipterus. Leptocimex boueti is restricted to West Africa. All other species are 
ectoparasites of birds (nine genera) or bats (12 genera). Only Cimex contains species that 
feed on bats and others on birds (Usinger 1966). 
Life History 
The development of C. lectularius is similar to that of other Heteroptera. Cimex 
lectularius hatches from an egg by emerging from a hinged cap (the operculum) on the 
anterior portion of the egg (Sikes and Wigglesworth 1931). Early instar nymphs are more 
lightly sclerotized throughout the abdomen and thorax, and are capable of significant 
expansion of the integument to accommodate large quantities of host blood (Usinger 
1966). Each instar requires at least one full blood meal to proceed to the subsequent instar 
(Benoit et al. 2010). In a study examining three strains that exhibited differing levels of 
pyrethroid resistance, immature bed bugs maintained at 26˚C and~69% RH usually 
remained in each instar for 6-7 days (Polanco et al. 2011). I have maintained bed bugs 
under similar conditions and noticed similar development times, though the duration of 
each instar is heavily dependent on temperature and the availability and nutritional 
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quality of blood meals (Usinger 1966, Lewis et al. 2009). After proceeding through five 
instars, nymphs molt into sexually mature adults (Johnson 1941). Unlike most 
heteroptera, the adult stage is not accompanied by the expansion of functional wings, but 
only small, nonfunctional hemelytral pads (Usinger 1966). According to Usinger (1966), 
recently molted adult females maintained at 27˚C that have fed and mated begin 
ovipositing approximately three days later. Oviposition ceases after approximately 11 
days if an additional blood meal is not obtained. Females produce an average of three 
eggs per day during this period. Even without additional matings, females are capable of 
maintaining this level of egg production for five weeks if provided with regular blood 
meals. Females that feed and mate regularly remain fertile throughout their lifespan, but 
become less fertile with age (Usinger 1966, Titshack 1930). Highly pyrethroid-resistant, 
female bed bugs fed regular blood meals (once every 10 day) and maintained at 26°C and 
69% RH lived a total of approximately nine months from egg to natural death at the end 
of the adult stage (Polanco et al. 2011). Polanco et al. (2011) also reported that 
survivorship of starved bed bugs maintained at 26°C and 69% RH tended to increase with 
each instar, and that fifth instar nymphs and adults survived up to four months without a 
blood meal. 
Ecology 
Bed bugs are found in a wide variety of situations and have been transported by 
man via trains, planes, ships, and all other major forms of travel (Szalanski et al. 2008). 
New infestations are often the consequence of travelers returning from infested areas with 
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bed bugs transported in clothing, furniture, boxes, and luggage (Harlan 2006). Studies by 
Booth et al. (2012) and Saenz et al. (2012) examined relatedness of bed bugs at 
infestation sites, and found that infestations often begin with a single mated female and/or 
her progeny, or a female mated with multiple closely related males. The means by which 
bed bugs spread from one location to another is largely passive, but studies have 
documented active dispersal among adjacent rooms. In a study focusing on a high rise 
apartment building in Indianapolis, IN, Wang et al. (2010) noted that bed bugs 
(particularly adults) are often captured with sticky traps placed in hallways adjacent to 
door thresholds, indicating that bed bugs may use hallways as a conduit for active 
dispersal to neighboring rooms. 
Irrespective of the route of establishment, infestations are a challenge to control 
(Potter 2004). In general, younger, smaller populations are easier to eliminate than older, 
larger populations (Doggett 2007). Larger infestations may be difficult to treat due to a 
higher probability of more bed bugs surviving treatment and of the infestation being more 
widespread and therefore more difficult to treat with precision. Despite the advantages of 
early detection, the unfortunate reality is that many infestations go unnoticed until 
elimination in a structure becomes a very physically, psychologically, and financially 
costly procedure (Doggett 2005). Bed bugs are cryptic by nature (Romero et al. 2009), 
strongly dorsoventrally flattened (Boase 2001), and are capable of squeezing into any of 
the myriad cracks and crevices of a typical home or hotel room (Usinger 1966). Bed bugs 
are not limited to furniture, and have been reported from carpet edges (Potter et al. 2008), 
TV’s, radios, clocks (Knodel 2011), light switches (Quarles 2007), behind paintings and 
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picture frames (Lewis et al. 2009), and countless other appliances and home décor. 
Although the majority of bed bugs found in an infested area are more likely to be housed 
within the bed itself (particularly the bed frame), infestations may be marked by the 
presence of bed bugs in more distant locations, including the cracks and joins of ceilings, 
light fixtures, and even smoke detectors (Doggett 2011). 
During periods of inactivity, bed bugs aggregate in concealed areas commonly 
referred to as harborages or refugia (Siljander et al. 2008). As previously stated, these 
sites may be in any number of locations, but are generally in close proximity to the host 
(i.e. within the mattress, box spring, headboard, etc.). Bed bugs tend to prefer rough over 
smooth surfaces when establishing harborages (Anderson and Leffler 2008). The means 
by which bed bugs select and return to harborages is poorly understood, though bed bugs 
are known to release aggregation pheromones which may provide orientation when 
returning from a period of feeding (Siljander et al. 2008). The exact composition of 
aggregation pheromones is not known, but studies have documented the presence of (E)-
2-hexenal and (E)-2-octenal in both aggregation and alarm secretions (Aboul-Nasr et al. 
1968, Levinson and Bar Illan 1971). These compounds may play dual roles in bed bug 
behavior based on concentration. Bed bugs are recorded to prefer sites which have been 
previously exposed to other bed bugs, further strengthening the support for chemical 
markers in the establishment and/or maintenance of harborages. Harborages commonly 
consist of overlapping generations of bed bugs at different feeding stages and of differing 
mating status (Loye 1985, Johnson 1941). These locations are frequently littered with 
exuviae and digested host blood in the form of fecal spotting (Reinhardt et al. 2008).  
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Bed bugs feed exclusively on blood, and all life stages seek out hosts during 
periods of minimal host activity (Reinhardt and Siva-Jothy 2007). Primary cues directing 
bed bugs to hosts are CO2 and body heat, though a variety of other host chemicals 
(particularly acids) are known to play at least some role in attraction (Weeks et al. 2010). 
Bed bugs frequently bite exposed areas of skin, particularly along the arms, legs, and 
back (Bartley and Harlan 1974, Blow et al. 2001, Huntley 1999), as well as on the face 
around the eyes (Churchill 1930). Upon locating a suitable feeding site, bed bugs insert 
stylet-like mouthparts (consisting of mandibles and maxillae) into the host tissue. The 
mandibles and maxillae are normally sheathed within the labium, which bends upon 
insertion of the feeding structures into the host’s tissue. After insertion of the mouthparts, 
bed bugs repeatedly probe until a vein or capillary of the preferred diameter is found 
(Dickerson and Lavoipierre 1959). Bed bugs feed to repletion in approximately 10 
minutes and double or even quadruple their body weight during this time (Titschack 
1930). The blood meal is rapidly passed through the digestive tract and half of the meal 
(by weight) is voided within five hours of feeding (Omori 1941). 
Medical Importance 
Despite the long association of bed bugs with humans, no pathogens are known to 
be transmitted to humans by bed bugs. Older scientific literature suggests that bed bugs 
may be involved in the transmission of many major human diseases, including hepatitis B 
(Blow et al. 2001), plague, yellow fever, tuberculosis, relapsing fever, leprosy, filariasis, 
kala azar leishmaniasis, smallpox, Chagas disease, various helminths, protozoans, and 
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even cancer (Burton 1963). Burton’s (1963) review included 93 studies examining the 
role of bed bugs in the transmission of human disease, but no studies clearly 
demonstrated transmission of disease to a human host. As a whole, bed bugs were 
implicated in the transmission of disease by inference, deductive reasoning, or conjecture. 
The possibility of HIV transmission has been investigated by Goddard and DeShazo 
(2009), who found that viral replication does not take place within the bed bug’s body, 
and that viruses are not present in their feces. Nonetheless, it would be premature to 
conclude that bed bugs do not transmit human pathogens; Adelman et al. (2013) make a 
convincing case for the possibility of arboviruses. The majority of studies conducted to 
address bed bug disease transmission have failed to focus on pathogens that are known to 
have infectious cycles involving insect vectors. “Wild” C. lectularius are known from 
several different bat (Morkel 1999, Roer 1975, Walter 2004) and bird (Hase 1935, 
Marshal 1981, Usinger 1966) hosts. In addition to the number of arboviruses already 
associated with bats and birds, bats have served important roles in the recent emergence 
of some viral human diseases (Wood et al. 2012, Calisher et al. 2006). Some of the 
strongest evidence for the role of bed bugs in the transmission of human pathogens was 
very recently reported by  Salazar et al. (2014), who found that bed bugs which were not 
uninfected with the trypanosomes which produce Chagas disease could feed on infected 
mice, and later transfer the pathogens to uninfected mice. Future field work in areas 
where Chagas disease is prevalent are warranted, and may already be underway.   
Even without any conclusive evidence of bed bug vectored human pathogens, bed 
bugs are still medically important. Bed bug bites are notoriously difficult to diagnose, 
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owing to the fact that insect bites tend to be nonspecific as a rule, and in the case of bed 
bugs, bites are inflicted on sleeping, unknowing victims (Kinnear 1948). While not 
diagnostic, many bed bug bites are often in an irregular, three-point formation (Elston 
and Stockwell 2000). Reactions may range from erythematous to urticarial papules to 
bullae in individuals who have been predisposed, but purpuric papules may be the only 
reaction in non-sensitized patients (Thomas et al. 2004). Bed bug bites typically require 
little treatment, with secondary infections being the greatest concern. In severe cases, 
topical steroid creams without systemic anti-H1 receptor anti-histaminics may be given 
(Burnett 1986). Secondary infections may require antiseptics or antibiotics as well as 
systemic antibiotics (Honig 1986). 
My personal experience with bed bug bites resulted in a delayed, though severe 
reaction. My past experiences with insects have revealed a mild sensitivity to bites and 
stings, ranging from unusually large areas of inflammation from culicid bites and 
formicid stings, to hives and an increased heart rate due to larger Hymenoptera, 
particularly apids and vespids. My reaction to bed bug bites was the result of deliberately 
feeding a declining laboratory colony that refused to feed on our artificial system. 
Approximately 30 bed bugs were fed to repletion along the underside of my right 
forearm, mid-length from wrist to elbow. No reaction (visual or otherwise) was evident 
within hours of feeding, but within 24 hours, the bites resembled mosquito bite wheals in 
coloration, form, and sensation. The majority of wheals coalesced into a poorly delimited 
inflammation over the course of several days. Individual bite locations were evident as 
slightly raised mounds occurring over a more generalized area of inflammation, and were 
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marked by conspicuous pits with an enlarged central pore, apparently where feeding 
stylets were inserted. Within the span of one week, the afflicted area was marked by an 
intense and persistent urge to scratch the bites, which resulted in several nights of 
insomnia. At this stage, bite marks were blister-like and were presumably filled with 
lymphatic fluid. At 7-10 days, I experienced a ~12-hour period of headaches and extreme 
fatigue, an experience more similar to my reactions to influenza than sleep deprivation. 
This may have been the result of a delayed but strong allergic reaction, a secondary 
infection at the bite location, an infection from a communicable disease due to a 
suppressed immune system, a co-occurring though unrelated disease, or some 
combination of the above. Systemic antibiotics were taken at approximately day 10, and 
the systemic reaction subsided. Healing of the bite location proceeded very slowly. The 
fluid-filled bite marks drained over the course of approximately three weeks, resulting in 
scabs which gradually flaked away to reveal light-red scars. Several bite marks became 
re-inflamed and fluid-filled while other sites were healing. Inadvertent and abrasive 
contact with these sites (ex. rubbing against the rough edge of a table while working) 
resulted in increased inflammation and irritation. The number of wheals appearing during 
re-inflammation steadily declined over a period of approximately two months, at the end 
of which no re-inflammation occurred.  
Traumatic Insemination 
Mating behavior and its associated morphology is one of the more interesting 
facets of bed bug biology. Bed bugs engage in a process known as traumatic 
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insemination, whereby males do not copulate with the female’s genitalia, but pierce the 
abdominal wall and inseminate into the female’s body (Carayon 1966). This phenomenon 
has been recorded in two orders of insects (Hemiptera and Strepsiptera), and though rare, 
it is taxonomically widespread among invertebrates (Stutt and Siva-Jothy 2001). The site 
of penetration is referred to as the ectospermalege, and the internal balloon-like structure 
in which sperm are deposited is known as the mesospermalege. These sites are 
collectively referred to as the spermalege, the organ of Ribaga, or the organ of Berlese 
(Usinger 1966). The more primitive genera (e.g. Primicimex) have no special organ to 
receive sperm, so sperm are injected directly into the hemocoel before migrating through 
the body cavity and into the ovaries. Members of Cimex appear to be in a transitional 
stage of this evolutionary process, in that sperm are injected into the mesospermalege, 
and later migrate through the body cavity. The most advanced stage of this process is 
exhibited by the more recent Crassicimex spp. and Stricticimex brevispinosus Usinger, in 
which a conductor lobe connects the mesospermalege to the base of the common oviduct, 
allowing sperm to migrate through the body without contacting the hemocoel (Kamimura 
et al. 2014). 
The evolutionary origin of traumatic insemination and its associated morphology 
is poorly understood. For such an interesting and unusual means of reproduction, it is 
surprising that Usinger’s (1966) 585 page monograph addresses the subject for less than 
one page. Usinger reported that Carayon (1966) believed that traumatic insemination 
probably began as aberrant behavior in males and ultimately developed into the rule for 
the family, but as Usinger (1966) suggests, such an origin may be impossible to 
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determine. Perhaps the origins of traumatic insemination occurred as a male 
counteradapation to the spermatheca and female sperm choice, and/or as a means of 
gaining priority over other males (i.e. sperm precedence) in relation to egg fertilization 
(personal opinion). Regardless of the benefit offered to the male in the development of 
traumatic insemination, several authors have indicated that this “counter to a counter” is 
the evolution of the spermalege, which may offset mortality associated with wounding 
and infection (Carayon 1966, Stutt and Siva-Jothy 2001). Despite the evolution of this 
structure and its apparent benefits to the female, repeated bouts of traumatic insemination 
reduce longevity of the recipient. Whether traumatic insemination reduces overall 
fecundity is debated. In a study by Stutt and Siva-Jothy (2001), wounds associated with 
traumatic insemination were shown to decrease longevity (which predicted egg 
production), presumably due to invasive pathogens and the energetic demands of 
cuticular repair. However, a more recent work by Morrow and Arnqvist (2003) found that 
while longevity was decreased in females experiencing multiple traumatic inseminations, 
lifetime egg production remained the same.  
Early Control 
The history of man’s interaction with bed bugs is a story of innovative warfare. 
Although amusing from a modern perspective, the Greek philosopher Democritus 
suggested hanging the feet of a stag or hare from the foot of the bed, while others 
suggested hanging a bear skin or setting a vessel of water under the bed while traveling 
(Cowan 1865). Only within the last two hundred years has the treatment of bed bugs 
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become a logical and science-based enterprise. Two of the earliest recorded exterminators 
were the Tiffin and Son Company and John Southall. Tiffin noted that early detection is 
paramount when treating for bed bugs, and that bed bugs are likely to be transported 
passively into homes via boxes. Southall, who gained notoriety for his “Nonpareil 
Liquor” (a remedy believed to have been derived from a tree containing insecticidal 
properties) (Busvine 1976), noted that bed bug feces in transported materials indicated an 
infestation (Potter 2011, Southall 1730). 
Bed bugs became widely abundant in the United States in the 1800’s due to the 
influx of European settlers. Ships, hotels, and railroads were particularly prone to 
infestation and served as major sources of dispersal (Potter 2011). Means of treating for 
bed bugs increased with the rise in numbers. Along with regular cleaning and constant 
vigilance of bedding areas, beds were frequently built of sassafras and were easy to 
disassemble, and the crevices were doused with boiling water, arsenic, sulfur, and 
pyrethrum powder. Some of these earlier control methods required the use of dangerous 
gases and volatile compounds, including fumigation with hydrocyanic acid (cyanide) and 
sprays of kerosene or gasoline (Potter 2011). Infestations also involved steam eradication, 
which applied super-heated steam to rooms, railroad cars, or any similarly infested 
structures. Dry heating was also adopted from techniques used to control grain pests in 
silos (Potter 2011). 
Despite control efforts, bed bug populations continued to grow, soaring in the 
1900’s due to central heating of buildings (Potter 2011). Beginning in the 1940’s, bed 
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bugs were effectively controlled by the broad spectrum organochlorine insecticide 
dichlorodiphenyltrichloroethane (DDT). At first considered a highly effective “cure all”, 
some bed bug populations had begun to show resistance to DDT as early as the late 
1940’s, with Johnson and Hill (1948) reporting a pesticide resistant population from Pearl 
Harbor. By the 1970’s, DDT was banned, due mainly to environmental concerns. Next 
generation insecticides (carbamates and organophosphates) replaced DDT and were 
generally effective, but have also been widely banned due to regulatory concerns (Weeks 
et al. 2011, Boase 2001). Our most effective modern insecticides (particularly 
pyrethroids) are now showing decreased efficacy due to increasing insecticide resistance 
(Romero et al. 2007). Since the “magic bullet” days of DDT use are behind us, a more 
integrated approach is necessary. 
Modern Control 
Modern control is largely conducted from an integrated pest management 
perspective, whereby a variety of control methods used in combination are 
complementary to one another, and, ideally, the summation of the methods produces an 
effective result. This method involves the cooperation of professional pest management 
companies with informed clients who are willing to undergo the procedures necessary for 
control. Control on behalf of the client may involve proper inspection, isolation, and 
treatment of infected items/areas prior to the arrival of a pest control agency which may 
use heat, cold, or pesticide treatments singularly or in conjunction (Potter 2008, Lewis et 
al. 2009). 
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As previously stated, one of the best means of bed bug control is through the 
cooperation of pest control agencies with the afflicted client. Doggett (2011) presents a 
code of practice for the control of bed bugs and includes necessary procedures for clients 
and pest control agencies. From the client’s position, vigilance and a thorough inspection 
of infested and potentially infested areas is paramount (Doggett 2011). Bed bug 
infestations may be marked by the presence of live and/or dead bed bugs, exuviae, eggs, 
fecal spotting, and a sickly-sweet “bed bug smell”. If the presence of bed bugs is 
detected, thorough measures should be taken to improve the likelihood that a pest control 
agency will effectively eliminate the infestation. Bed bugs may be removed by 
vacuuming and sticky tape (Doggett 2011). The removal of loose clutter is a necessity 
(Potter 2004). Any washable items (pillow cases, curtains, bed lining, clothing, etc.) 
should be bagged and placed into a washing machine set at the highest temperature 
(~60°C) available. Alignate bags dissolve when placed into a washing machine and are 
preferred if available. Heat tolerant items should then be placed in a hot air drier. More 
delicate items may be placed in the freezer. Exposure times differ based on size and 
temperature, with the average household freezer requiring 10 hours for the death of all 
life stages (Doggett 2011). Any potentially infested items that could be disposed of 
should be done so at the discretion of the client. Infested areas may be treated with a 
steady flowing, low-vapor, high-temperature steam applied closely to the treated surface. 
Insecticide usage is dependent upon the area being treated, but may include various 
aerosols, insecticidal dusts, and liquid sprays. Fumigants are not recommended due to 
safety hazards. Anyone wishing to review a detailed account of various control methods 
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used by pest control agencies (particularly appropriate insecticides for a given context) as 
well as a checklist of steps necessary for a thorough treatment of infested areas may wish 
to consult Doggett (2011). 
Recent Research  
Much of recent research geared toward bed bug control has focused on pesticide 
efficacy, monitoring and detection methods, ecology and dispersal, and heat treatments, 
as well as the potential for biological control through entomopathogenic fungi and the 
disruption of mutualistic endosymbiotic bacteria. Among these, pesticide efficacy is one 
of the more thoroughly investigated areas of bed bug control. Few products are labeled 
for control, and most consist of natural pyrethrins or synthetic pyrethroids. Moore and 
Miller (2006) evaluated the residual efficacy of chlorfenapyr (Phantom by BASF: 
Florham Park, NJ), and the pyrethroids λ-cyhalothrin (Demand CS by Syngenta: Basel, 
Switzerland), bifenthrin (Talstar one by FMC Corporation: Philadelphia, Pennsylvania), 
deltamethrin (Suspend SC by Bayer: Leverkusen, Germany), and permethrin (Dragnet 
SFR by FMC Corporation: Philadelphia, Pennsylvania) on susceptible, laboratory-strain 
bed bugs. Deltamethrin (Suspend SC) was used on field-strain bed bugs. All pyrethroid 
products killed significantly faster than chlorfenapyr (less than 1.5 hours compared to 
approximately 10 days), and no products produced scattering or dispersal of bed bugs. 
Unfortunately, the only product tested (deltamethrin: Suspend SC) on field-strain bed 
bugs required 14 days 8 h to achieve an LT50 value, indicating there is the potential for 
significant resistance in some field populations. Several studies have supported findings 
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of pyrethroid resistance among bed bugs, including Yoon et al.’s (2008) detection of 
deltamethrin resistance in a population from New York City, NY and Myamba et al.’s 
(2002) report of pyrethroid resistance in bed bugs associated with the use of bed nets 
(2002). Zhu et al. (2010) found widespread distribution of knockdown resistance in 
populations collected throughout the United States. By examining three individuals from 
each population, 81 of 93 populations were shown to contain one or two of the 
knockdown, or “kdr” mutations (L925I and V419L in voltage-gated sodium channel α-
subunit gene) involved in deltamethrin resistance. These mutations are responsible for 
target site insensitivity of sodium-ion channels. Zhu et al. (2012) later found that 
interference of NADPH-Cytochrome P450 reductase lowered insecticide resistance in 
populations containing kdr mutations and no kdr mutations, but not in the susceptible 
population, suggesting that P450-mediated metabolic detoxification may serve as one 
resistance mechanism used by bed bugs. The most recent study conducted by Zhu et al. 
(2013) found that, in addition to P450-mediated metabolic detoxification and kdr 
mutations, insecticide-resistant bed bugs show increased expression of genes coding for 
ABC (ATP-binding cassette) transporters and cuticular proteins. Increased expression of 
P450’s, cuticular proteins, and ABC transporters in the integument of these bed bugs 
prevent or delay toxins from reaching nerve cell target sites, where an additional layer of 
resistance (kdr) is often present. 
Monitoring and control for bed bugs has involved experimentation with various 
trapping and detection methods. Anderson et al. (2009) reported several monitoring 
methods that were fueled by industry and developed independently of scientific 
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investigation, and should therefore be viewed with caution. Biosensory Inc. (Putnam, CT) 
developed a commercial bed bug monitor (Nightwatch) at roughly the same time that 
Cimex Science LLC (Portland, OR) developed the CDC 3000. Both products use CO2, 
heat, and chemical lures similar to host odors, all of which are known bed bug attractants 
(Rivnay 1932, Marx 1955, Aboul-Nasr and Erakey 1967). However, no efficacy data are 
available for either product. Cooper (2006) reported that sticky trap methods were 
generally ineffective. Lang (2007) described a similar method for bed bug control using a 
sticky trap combined with a pitfall trap, but unfortunately did not report any data on the 
efficacy of this approach. Anderson et al. (2009) investigated bed bug response to traps 
baited with CO2, a thermal lure, and a chemical lure, and found that only CO2 
significantly and consistently increased trap captures. Szyndler et al. (2013) found that 
bed bugs could be ensnared by the trichomes of bean plants, but failed to reproduce a 
biomimetic surface to produce the same results. Pfiester et al. (2008) found that canines 
were capable of detecting light bed bug infestations. While effective, this approach can 
be very expensive, and the accuracy of this method is heavily dependent upon a variety of 
factors, including the trainer’s experience, the breed of dog, and environmental variables. 
Several hand held monitoring systems are becoming available for the detection of 
bed bugs, including Termite Detection Systems’ (Raleigh, NC) CO2 sensing BBD-100, 
and The Bed Bug Detective. “The Bed Bug Detective” is a device by Chris Goggin which 
claims to detect methane, CO2, and pheromones released by bed bugs. The product even 
claims to detect the sex of the bug (Borel 2011). Although this product was announced in 
2011 and was expected to be retailed at $200, a means of purchasing the product could 
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not be found online, and no manufacturer information could be located. Whether these 
products are effective monitors, or even detect what the manufacturers claim, remains in 
question. Similar to many natural products, which are likely ineffective yet commonly 
sold for bed bug control, these devices should be subjected to independent, scientific 
investigation before any efficacy claims can be taken seriously. 
The pest control industry has also relied on the control of bed bugs in rooms or 
entire buildings by taking advantage of the pest’s susceptibility to heat (Kells 2006, Pinto 
et al. 2007). As a result, much research has been geared toward examining bed bug 
mortality when exposed to high temperatures over varying periods of time. An often 
repeated statistic states that bed bugs die when exposed to approximately 45°C (Doggett 
et al. 2006), but lower temperatures can result in 100% mortality if exposure times are 
significantly increased. A study by Pereira (2009) found that 100% of bed bugs die 
within 1 minute at 49°C, but that 100% mortality can be achieved at temperatures as low 
as 41°C if exposure times are increased to 100 minutes. Sublethal effects from heat 
treatments have also been recorded. This is believed to be due to the elimination of 
nutritional mutualists that occur within the bed bug mycetome. Lower fecundity has been 
shown to follow heat treatments, and it is believed that the inability to process nutrients 
(particularly vitamin B) results in lower egg production (Chang 1974). The elimination of 
symbionts with methods other than heat has been correlated with low fecundity in other 
insects (Brecher and Wigglesworth 1944). While effective, heat treatments are an 
expensive investment for the company, including substantial equipment purchases and 
occasionally licensing and royalty fees (Potter et al. 2008).  
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One frequently recommended means of eliminating bed bugs from large items 
(including mattresses) is to wrap the item in black plastic and place it on the ground in 
the sun, the belief being that heat generated within the plastic is sufficient to eliminate 
bed bugs (Anon 2003, Mampe 2004, VDHS 2005). Using both thin and thick mattresses 
wrapped in black plastic, a study by Doggett et al. (2006) found that sun-exposed (top) 
areas of both mattresses reached 85°C. Areas on the bottom of the thick mattress never 
exceeded 35°C, and areas on the thin mattress never exceeded 36.5°C. With thermal 
death points recorded at 40-45°C based on exposure times, combined with the ability of 
bed bugs to retreat to cooler locations, this is not a viable means of control.  
Other areas of research on control have focused on the potential disruption of 
nutritional mutualists within bed bug mycetomes. Bed bugs have been known to harbor 
bacterial-symbionts since the 1920’s, which were later believed to play a role in bed bug 
reproduction (De Meillon and Golberg 1946, Chang 1974). The taxonomic identity of 
these symbionts were unknown at the time. Works in the late 1990’s and early 2000’s 
detected 16sRNA gene sequences of Wolbachia and an unnamed γ-proteobacterium 
(Hypsa 1997, Rasgon and Scott 2004), and a recent work by Hosokawa et al. (2010) 
reported on the discovery of Wolbachia as an associated nutritional mutualist essential for 
the survival and reproduction of bed bugs. An additional recent work focusing on the 
taxonomic identity of Wolbachia infections found that infections in the F supergroup 
were most common for the subfamily (Cimicinae) containing C. lectularius. Members of 
the F supergroup are a phylogenetic grouping which have been isolated from arthropods 
(i.e. termites) and nematodes (Casiraghi et al. 2005). Much of the research focused on 
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Wolbachia is still in a state of infancy regarding manipulation of the endosymbiont and 
its practical application to bed bug control.  
Biological control using predators, parasites, or pathogens of bed bugs has been 
frequently suggested (Kemper 1936, Strand 1977, Usinger 1966) but seldom explored. 
Awareness of bed bug predators dates back as far as Linnaeus, who in 1758 described 
“the masked bed bug hunter” [Reduvius personatus (L.)] due to its predaceous habits and 
tendency for immature stages to cover themselves with debris. Spiders, pseudoscorpions, 
solifugids, mites, pyralid larvae, assassin bugs, and rodents are all documented predators 
of bed bugs (Kemper 1936, Usinger 1966), but probably have limited application. Hase 
(1934) found that spiders were effective in laboratory tests, but warned that predators 
were not a practical solution under ordinary conditions. Any infested party, including 
homeowners and particularly hospitality-based establishments, may object to introducing 
additional fauna into a home or business (Thoms and Robinson 1986). The idea may be 
especially difficult to accept when the controlling agent is already considered a pest, such 
as spiders or rodents (personal opinion). 
There are several documented instances of bed bug colonies becoming infected 
with entomopathogenic fungi. Usinger (1966) experienced a disease (Aspergillus flavus 
Link) in a culture of Paracimex received from Malayasia. Similarly, Cockbain and Hastie 
(1961) reported another naturally occurring infection of A. flavus in a colony of C. 
lectularius. When kept at 90% RH and 30°C, all life stages were destroyed within 18 
days of the initial outbreak. Following the outbreak, six pathogenicity tests were 
conducted after the fungus was isolated from dead insects. Five of the six tests showed 
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significantly different means in survival time between treated and untreated controls 
using adults and second instars. Five of the six tests used 90% RH, and one used 50% 
RH. As 90% RH humidity may be difficult to obtain in the field, survival times for 50% 
RH may be the most relevant. In the test using 50% RH and second instars, controls 
exhibited a mean survival time of 32.9±5.8 days compared to treated second instars at 
6.8±1.8 days. Although A. flavus is a known human and animal pathogen and is therefore 
potentially dangerous as a field application, Barbarin et al. (2013) found that Beauveria 
bassiana produced high mortality (>90%) among bed bugs. As B. bassiana is nontoxic to 
humans and animals, this particular pathogen has potential for future applications. 
Research Justification 
Given that there are few broad areas of bed bug biology, ecology, and control 
which remain entirely unexplored, current research is often directed toward answering 
questions of a more specific nature. By evaluating the effects of insecticides on surface 
types, for example, researchers may be able to provide insight into the selection of 
products based on variables related to the nature of particular infestations. Such studies, 
which refine our understanding of control and allow for case-by-case recommendations, 
are the backbone of integrated pest management. I have selected my research objectives 
based on their potential contributions to control. Such findings may have immediate field 
applications (e.g. insecticide assays), or provide initial steps toward other methods of 
control by gaining deeper insight into bed bug biology, ecology, and behavior. My 
assessment of natural products for direct and residual efficacy (Chapter 2) may reveal 
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that some products are highly effective, which would provide an alternative to ineffective 
industrial insecticides. If naturally-based products are ineffective, the circulation of such 
findings may help deter the production and purchase of similar “snake oil” products. My 
assessment of insecticide transfer (Chapter 3) may determine whether the phenomenon is 
possible and whether it can result in significant mortality, as well as identify transferred 
products which tend to produce the highest mortality. Other products may be developed 
for insecticide transfer based on these findings. My evaluation of liquid insecticides for 
egg hatch inhibition and nymph mortality rate (Chapter 4) may provide useful data for the 
selection of appropriate insecticides for infestations with high egg/nymph totals. By 
examining the behavioral responses of bed bugs to insecticides applied to an individual 
bed bug (Chapter 5), I hope to determine whether aggregations can be effected. The 
movement of bed bugs away from harborage sites (particular those treated with residual 
insecticides) has implications for control. My efforts to determine whether male bed bugs 
respond to airborne female sex pheromones (Chapter 6) may ultimately result in the 
identification and isolation of pheromones for use in intercept traps. By examining the 
effects of nourishment status of male mates (Chapter 7) on female fecundity, my goal is 
to determine whether small populations consisting of females and poorly fed males have 
the capacity to develop into larger infestations. Finally, my evaluation of the climbing 
ability of teneral and sclerotized bed bugs (Chapter 8) may have implications for 
laboratory safety and the design of bed bug barriers and interception devices. 
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CHAPTER TWO 
ASSESSMENT OF NATURAL-BASED PRODUCTS FOR BED BUG    
(HEMIPTERA: CIMICIDAE) CONTROL  
Part 1: Direct-spray Efficacy 
Integrated pest management (IPM) techniques are needed and used to control bed 
bug infestations. Aspects of IPM programs may involve proper inspection, isolation, and 
treatment of infested items/areas prior to the arrival of pest control firms, which often use 
heat, cold, or pesticide treatments singularly or in conjunction (Potter 2008, Lewis et al., 
2009). Such involved and expensive treatments have opened a market for alternative 
strategies. As expected, a variety of “do- it-yourself” bed bug products have been 
released. Claiming to kill or repel bed bugs, these products consist principally of extracts 
from aromatic plants (thyme, cedar, lemongrass, etc.). Although these “essential oils” are 
shown to be environmentally safe, and exhibit repellent and insecticidal properties 
(Isman, 2000), there is little evidence supporting the efficacy of these products for bed 
bug control. Singh et al. (2013) examined 11 natural-based products and two industrial 
products, and found that only Bed bug Patrol (Nature’s Innovation: Buford, GA) (~92% 
mortality) and Ecoraider (Reneotech: North Bergen, NJ) (100%) produced high mortality 
levels. However, neither of these products produced more than 75% mortality after three 
days, while one industrial product (Temprid SC [Bayer Environmental Science: Research 
Triangle Park]) resulted in 100% mortality after three days.  
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Despite the generally disappointing results of Singh et al. (2013), effective natural 
products may prove to be valuable tools when attempting to control bed bugs. Even if no 
effective products are found, the very process of third party efforts to screen for product 
efficacy may deter ill-intended manufacturers and solicitors from investing time and 
energy into ineffective natural products. The objective of this study was to examine the 
efficacy of four commercially-available essential oil products and one liquid-based borate 
product when applied as a direct spray to adult, pyrethroid-resistant, field-strain bed bugs 
and insecticide-susceptible, Harold Harlan-strain bed bugs. I hypothesized that the 
borate-based spray would outperform the essential oil products, which, as a whole, would 
perform poorly. 
Part 1: Materials and Methods 
Four commercially-available essential oil products and a borate-based spray were 
examined for direct-spray efficacy. Four of these products were specifically labeled for 
bed bugs, including Bed Bug Patrol® (Nature’s Innovation: Buford, GA), Green Bug 
(All Natural Pest Control: Beaufort, SC), Cymex® (Nisus Corporation: Rockford, TN), 
and Rest Easy® (Green Rest Easy: Memphis, TN). Triple Action Neem Oil® (Southern 
Agricultural Insecticides, Inc.: Boone, NC) was also examined to compare bed bug 
products to an essential oil not labeled for bed bugs. Bed Bug Patrol ingredients included 
0.03% clove oil, 1.0% peppermint oil, 1.3% sodium lauryl sulfate, and citric acid, 
glycerin, oleic acid, and water as 97.67% inert ingredients. Green Bug ingredients 
consisted of 90% silane fluid and 10% cedar oil. Cymex consisted of 8.5% disodium 
octaborate tetrahydrate and 91.5% “other ingredients”. Triple Action Neem oil included 
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70% clarified hydrophobic extract of neem oil and 30% inert ingredients. A control 
treatment consisting of distilled water was included. 
A total of 120 Harold Harlan- or “Harlan strain” and 120 pyrethroid-resistant, 
field-strain, or “field strain” bed bugs were evaluated for mortality after direct-spray 
applications. The Harold Harlan strain is an insecticide-susceptible strain that has been 
maintained in colony for over 40 years. The pyrethroid-resistant field strain, or “Jersey 
city” strain is a moderately pyrethroid-resistant strain originally collected from Jersey 
City, NJ. Both strains were provided by North Carolina State University.  
All bed bugs were maintained at 26°C, ~40% RH, and a reversed 12L/12D 
photoperiod before being removed from colony and fed defribrinated rabbit blood 
(Hemostat Laboratories: Dixon, CA) five days prior to treatment. Bed bugs were fed to 
repletion (~30 minutes) using an artificial feeding system (detailed in Appendix A). Bed 
bugs were housed in altered condiment cups during and after direct sprays. Each 
container was created by removing the bottom of a 59 ml (~60 mm diameter x ~30 mm 
height), plastic condiment cup with scissors before using melted wax to fasten one piece 
of 90 mm Whatman filter paper (Vernon Hills, IL) to the bottom of the cup, forming a 
new base (Figure 2.1). This base was intended to absorb excess product and prevent 
pooling and envelopment of bed bugs. A snap on lid was modified for each cup by 
removing a circle ~2.5 cm in diameter from the lid’s center. A small circle of white 
organza fabric (Mary Jo’s Cloth Store: Gastonia, NC) was then waxed over the hole. This 
design prevented escape, and provided bed bugs with a fresh air supply. Five bed bugs 
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were placed in each of 48, 30 ml (~40 mm diameter x ~45 mm height) medicine cups ~3 
hours before spray applications. As bed bugs were incapable of climbing medicine cups, 
but were able to climb the sides of the larger condiment cups, bed bugs were dumped 
from medicine cups to condiment cups seconds prior to being sprayed. All bed bugs were 
confined within a large, soapy water-filled, Tupperware® (Orlando, FL) container to 
prevent potential escapees from infesting the laboratory (detailed in Appendix A). 
Although the natural products examined did not include label rates, bed bugs were 
sprayed at 25 psi using a Pistol Pro (B&G Equipment Company: Jackson, GA) at ~30 cm 
per second using a spray volume equivalent to 3.78 L/92.9 m2 (1 gallon/1000 ft2). The 
mortality of bed bugs was assessed at 1 minute, 1, 3, 6, 12, and 24 hours, and once per 
day for 14 days by prodding bed bugs with a toothpick. One toothpick was used per 
condiment cup to avoid transferring product to other bed bugs. Bed bugs that exhibited 
no movement were marked as dead. Proportions of bed bugs killed per product, per time, 
were compared within each strain using ANOVA followed by Fisher’s LSD test. The 
model used for the analyses included terms for product (d.f.=5), block (d.f.=3), and error 
(d.f.=15). Products were considered significantly different when p-values were less than 
α=0.05. All analyses were conducted using SAS 9.3. Voucher specimens for both strains 
are deposited in the Clemson University Arthropod Collection, and bear the label 
“Hinson dissertation, Chapter 2: Part 1”.  
 Part 1: Results and Discussion 
The efficacy of the products differed based on product and time (Figures 2.2-2.3, 
Tables 2.1-2.4). Green Bug produced 100% mortality among Harlan- and field-strain 
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bugs within one hour, while Bed Bug Patrol produced 100% mortality at seven days 
among field-strain bugs, and 14 days among Harlan-strain bugs. Fisher’s LSD tests 
revealed that Green Bug differed significantly from all other products until Bed Bug 
Patrol reached a similar mortality at day two (field-strain bugs) or day five (Harlan-strain 
bugs). With the exception of Bed Bug Patrol (day 13), Green Bug and Bed Bug Patrol 
differed from all other products throughout the remainder of the trial. Rest Easy and 
Cymex were only moderately effective. Rest Easy differed from the control from one 
hour until the end of the trial for field-strain bugs, and from one hour until the end of the 
trial for Harlan-strain bugs, with the exception of day 10. Cymex differed from the 
control for days 12-14 only for both strains, and only differed from Rest Easy at one hour 
for the Harlan strain, and one hour through 13 days for the field strain. Triple Action 
Neem Oil failed to differ significantly from the control at any time for either strain. 
Curiously, Triple Action Neem Oil, Bed Bug Patrol, and even the control applications 
experienced higher mortality at an earlier period for pyrethroid-resistant bed bugs. This 
may be due to some unknown fitness cost associated with resistance, a phenomenon 
which has been documented among insect resistance to Bacillus thuringiensis (Gassmann 
et al., 2009).   
Of the five products tested, only Green Bug and Bed Bug Patrol produced 
mortality exceeding 70%. As studies of bed bug population dynamics have shown that 
infestations often originate from a few bed bugs or even a single mated female (Booth et 
al., 2012), 70% is an unacceptable mortality level. Considering that bed bugs were 
directly sprayed, maintained on a sprayed surface, and deprived of nutrition and 
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harborage for 14 days, even these generally poor kill rates likely exceed those that would 
occur in the field, where bed bugs would have the option of returning to an untreated 
harborage to aggregate and await additional blood feeding opportunities. Previous 
research has shown that bed bug aggregations reduce mortality (Benoit et al., 2007), and 
that some insects can recover from insecticides when provided with meals during or after 
exposure (Cox and Parish, 1991). 
Although Green Bug produced 100% mortality within one hour for both strains, 
such seemingly effective products should still be viewed cautiously. Effective bed bug 
products should have residual efficacy, due to the fact that bed bugs are difficult to locate 
and eliminate with direct sprays (Romero et al., 2009). Many manufacturers of essential 
oils claim that their products kill or repel bed bugs, yet fail to define any parameters 
relating to such claims, such as application rate and mortality levels resulting from direct 
and residual applications. Future research will focus on whether these products yield any 
level of residual mortality when applied to a surface. Claims of repellency, and duration, 
should be investigated by other researchers, and should be defined as repellency in the 
presence or absence of a host. Whether these products leave any type of stain or residue 
should also be investigated. Additional, replicated and controlled studies should examine 
silane fluid and cedar oil separately to determine factors that contributed to the high 
mortality rate produced by Green Bug.  
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Figure 2.1. Condiment cup arena used for housing bed bugs during treatments. 
Arenas were created by removing the center of each lid with scissors and waxing 
mesh over the newly created hole. The base of each cup was removed and waxed 
to filter paper.
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Figure 2.2. Proportion and average stand errors (SE) of adult, pyrethroid-resistant, field-strain bed bugs killed after direct-
spray applications of a control (distilled water) and five natural-based products [Green Bug, Bed Bug Patrol (B. B. Patrol), 
Neem Oil, Rest Easy, Cymex]. Mortality was evaluated over a two-week period. All bed bugs were confined to condiment 
cups with filter-paper bases and evaluated for mortality by prodding bed bugs with toothpicks. Any bed bugs exhibiting no 
movement were marked as dead.      
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Figure 2.3 Proportion and average stand errors (SE) of adult, Harold Harlan-strain bed bugs killed after direct-spray 
applications of a control (distilled water) and five natural-based products [Green Bug, Bed Bug Patrol (B. B. Patrol), Neem 
Oil, Rest Easy, Cymex]. Mortality was evaluated over a two-week period. All bed bugs were confined to condiment cups with 
filter-paper bases and evaluated for mortality by prodding bed bugs with toothpicks. Any bed bugs exhibiting no movement 
were marked as dead.   
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Table 2.1. Proportion of adult, pyrethroid-resistant, field-strain bed bugs killed after 
direct-spray applications of a control (distilled water) and five natural-based products 
[Bed Bug Patrol (B. B. P.), Cymex, Green Bug (G. B.), Neem Oil (N. Oil), Rest Easy (R. 
Easy)]. Mortality was evaluated over a two-week period. All bed bugs were confined to 
condiment cups with filter-paper bases and evaluated for mortality by prodding bed bugs 
with toothpicks. Any bed bugs exhibiting no movement were marked as dead a.    
 
Time Control  B. B. P.  Cymex  
 
G. B.  N. Oil  R. Easy  
1 m 0C 0.20B 0C 1A 0C 0.05B/C 
1 h 0C 0.50B 0.05C 1A 0C 0.35B 
3 h 0C 0.45B 0.05C 1A 0C 0.40B 
6 h 0C 0.45B 0.05C 1A 0C 0.40B 
12 h 0C 0.50B 0.10C 1A 0C 0.40B 
1 d 0C 0.55B 0.10C 1A 0C 0.45B 
2 d 0C 0.60A 0.10C 1A 0C 0.45B 
3 d 0.05C 0.85A 0.10C 1A 0.10C 0.45B 
4 d 0.05C 0.85A 0.10C 1A 0.10C 0.45B 
5 d 0.05C 0.95A 0.10C 1A 0.10C 0.45B 
6 d 0.10C 1A 0.10C 1A 0.10C 0.45B 
7 d 0.20C 1A 0.25C 1A 0.20C 0.50B 
8 d 0.20C 1A 0.25C 1A 0.20C 0.55B 
9 d 0.20C 1A 0.35C 1A 0.25C 0.60B 
10 d 0.20C 1A 0.35C 1A 0.25C 0.60B 
11 d 0.20C 1A 0.35C 1A 0.25C 0.70B 
12 d 0.20D 1A 0.45C 1A 0.25D 0.70B 
13 d 0.20D 1A 0.45C 1A 0.25D 0.70B 
14 d 0.20D 1A 0.50B/C 1A 0.30C/D 0.70B 
 
aValues sharing exponents are not significantly different using Fisher’s LSD test. 
Comparisons are made within time only.  
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Table 2.2. Degrees of freedom, f-statistics, and p-values for treatment effect on mortality 
at each time period after treatment for adult, pyrethroid-resistant, field-strain bed bugs. 
Treatment effects consisted of direct-spray applications of a control (distilled water) and 
five natural-based products (Bed Bug Patrol, Cymex, Green Bug, Neem Oil, Rest Easy). 
Mortality was evaluated over a two-week period. All bed bugs were confined to 
condiment cups with filter-paper bases and evaluated for mortality by prodding bed bugs 
with toothpicks. Any bed bugs exhibiting no movement were marked as dead.    
 
Time Degrees of freedom F-statistic Pr> F 
 
1 m 5 41.71 <.0001 
1 h 5 42.45 <.0001 
3 h 5 31.85 <.0001 
6 h 5 31.85 <.0001 
12 h 5 28.80 <.0001 
1 d 5 26.85 <.0001 
2 d 5 40.38 <.0001 
3 d 5 29.49 <.0001 
4 d 5 44.74 <.0001 
5 d 5 56.02 <.0001 
6 d 5 44.02 <.0001 
7 d 5 26.73 <.0001 
8 d 5 17.72 <.0001 
9 d 5 32.03 <.0001 
10 d 5 32.03 <.0001 
11 d 5 34.30 <.0001 
12 d 5 34.47 <.0001 
13 d 5 30.89 <.0001 
14 d 5 21.61 <.0001 
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Table 2.3. Proportion of adult, Harold Harlan-strain bed bugs killed after direct-        
spray applications of a control (distilled water) and five natural-based products [Bed Bug 
Patrol (B. B. P.), Cymex, Green Bug (G. B.), Neem Oil (N. Oil), Rest Easy (R. Easy)]. 
Mortality was evaluated over a two-week period. All bed bugs were confined to 
condiment cups with filter-paper bases and evaluated for mortality by prodding bed bugs 
with toothpicks. Any bed bugs exhibiting no movement were marked as dead a.    
 
Time Control  B. B .P.  Cymex  G. B.  N. Oil  R. Easy  
 
1 m 0B 0.05B 0B 0.95A 0B 0.10B 
1 h 0D 0.20B/C 0.10C/D 1A 0D 0.20B 
3 h 0C 0.20B 0.10B/C 1A 0C 0.20B 
6 h 0C 0.20B 0.10B/C 1A 0C 0.20B 
12 h 0B 0.20B 0.10B 1A 0B 0.20B 
1 d 0C 0.30B 0.10B/C 1A 0C 0.30B 
2 d 0D 0.50B 0.10C/D 1A 0D 0.35B/C 
3 d 0D 0.55B 0.10C/D 1A 0D 0.35B/C 
4 d 0D 0.65B 0.15C/D 1A 0D 0.35B/C 
5 d 0C 0.75A 0.20B/C 1A 0C 0.35B 
6 d 0C 0.85A 0.25B/C 1A 0C 0.40B 
7 d 0.05C 0.85A 0.25B/C 1A 0C 0.45B 
8 d 0.05C 0.90A 0.25B/C 1A 0C 0.45B 
9 d 0.05C 0.90A 0.30B/C 1A 0C 0.45B 
10 d 0.05B/C 0.90A 0.35B/C 1A 0C 0.45B 
11 d 0.05C/D 0.95A 0.35B/C 1A 0D 0.45B 
12 d 0.05C 0.95A 0.50B 1A 0C 0.45B 
13 d 0.05C 0.95A/B 0.50B 1A 0C 0.55B 
14 d 0.05C 1A 0.50B 1A 0C 0.65B 
 
aValues sharing exponents are not significantly different using Fisher’s LSD test. 
Comparisons are made within time only.   
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Table 2.4. Degrees of freedom, f-statistics, and p-values for treatment effect on mortality 
at each time period after treatment for adult, Harold Harlan-strain bed bugs. Treatment 
effects consisted of direct-spray applications of a control (distilled water) and five 
natural-based products (Bed Bug Patrol, Cymex, Green Bug, Neem Oil, Rest Easy). 
Mortality was evaluated over a two week period. All bed bugs were confined to 
condiment cups with filter-paper bases and evaluated for mortality by prodding bed bugs 
with toothpicks. Any bed bugs exhibiting no movement were marked as dead.    
 
Time Degrees of freedom F-statistic Pr> F 
 
1 m 5 71.33 <.0001 
1 h 5 42.80 <.0001 
3 h 5 34.78 <.0001 
6 h 5 34.78 <.0001 
12 h 5 26.47 <.0001 
1 d 5 14.53 <.0001 
2 d 5 18.27 <.0001 
3 d 5 17.96 <.0001 
4 d 5 13.44 <.0001 
5 d 5 14.60 <.0001 
6 d 5 18.91 <.0001 
7 d 5 15.54 <.0001 
8 d 5 15.30 <.0001 
9 d 5 13.35 <.0001 
10 d 5 8.37   .0006 
11 d 5 15.39 <.0001 
12 d 5 16.88 <.0001 
13 d 5 10.80    .0002 
14 d 5 28.57 <.0001 
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ASSESSMENT OF NATURAL-BASED PRODUCTS FOR 
BED BUG (HEIMPTERA: CIMICIDAE) CONTROL  
Part 2: Residual-spray Efficacy 
In addition to the lack of data available on mortality produced by direct sprays, 
essential oil products contain little information on residual efficacy. Although shown to 
have direct spray efficacy against a wide variety of insects, essential oils volatilize 
quickly, and are therefore not long-lasting insecticides (Koul et al. 2008). With no label 
information available on such products, consumers who purchase and apply essential oils 
may assume that the product offers extended control. To address this lack of information, 
the two essential oil products from the previous study that displayed the highest levels of 
mortality (Bed Bug Patrol and Green Bug) were assessed. A commonly available 
industrial product (Zenprox) with residual efficacy was also examined for comparison. I 
hypothesized that Zenprox would produce a high level of residual mortality, while both 
natural products would produce a very low level of residual mortality.    
Part 2: Materials and Methods 
Two commercially available essential oil products and an industrial product were 
examined for residual efficacy. All products were specifically labeled for bed bugs. 
Products included Bed Bug Patrol® (Nature’s Innovation: Buford, GA), Green Bug® 
(All Natural Pest Control: Beaufort, SC), and Zenprox® (Wellmark International: 
Schaumburg, Illinois). Bed Bug Patrol ingredients included 0.03% clove oil, 1.0% 
peppermint oil, 1.3% sodium lauryl sulfate, and citric acid, glycerin, oleic acid, and water 
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as 97.67% inert ingredients. Green Bug ingredients consisted of 90% silane fluid and 
10% cedar oil. Zenprox (at 0.25%) consisted of 16.2% etofenprox, 64.8% piperonyl 
butoxide, and 19.0% other ingredients. A control treatment using distilled water was 
included. 
A total of 120 Harold Harlan-strain or “Harlan strain” and 120 pyrethroid-
resistant, field-strain, or “field strain” bed bugs were evaluated for mortality on filter 
paper containing residual insecticides. The Harold Harlan strain is an insecticide-
susceptible strain that has been maintained in colony for over 40 years. The pyrethroid-
resistant field-strain, or “Jersey city” strain is a moderately pyrethroid-resistant strain 
originally collected from Jersey City, NJ. Both strains were provided by North Carolina 
State University. All bed bugs were maintained at 26°C, ~40% RH, and a reversed 
12L/12D photoperiod before being removed from colony and fed defribrinated rabbit 
blood (Hemostat Laboratories: Dixon, CA) five days prior to insecticide exposure. Bed 
bugs were fed to repletion (~30 minutes) using an artificial feeding system (detailed in 
Appendix A). Bed bugs were housed in altered 30 ml medicine cups (~40 mm diameter x 
~45 mm height) for the duration of the experiment. Each container was created by 
removing the bottom of the cup with scissors before inverting the cup and using melted 
wax to fasten one piece of 60 mm Whatman filter paper (Vernon Hills, IL) to the bottom 
(previously top) of the cup, forming a new base. This base was intended to absorb excess 
essential oil and prevent pooling and envelopment of bed bugs.  
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Although the essential oil products examined did not include label rates, filter 
paper was sprayed at 25 psi using a Pistol Pro (B&G Equipment Company: Jackson, GA) 
at ~30 cm per second using a spray volume equivalent to 3.78 L/92.9 m2 (1 gallon/1000 
ft2). The filter paper was then given 24 hours to air dry. Five bed bugs were placed in 
each of 48 upright medicine cups several hours before the 24 hour mark. Bed bugs were 
dumped from upright medicine cups to flipped, waxed medicine cups to expedite the 
transfer process and ensure that all bed bugs were exposed to products for similar time 
periods. All bed bugs were confined within a large, soapy water-filled, Tupperware® 
(Orlando, FL) container to prevent potential escapees from infesting the laboratory 
(detailed in Appendix A). The mortality of bed bugs was assessed at 1, 3, 6, 12, and 24 
hours, and once per day for 14 days by prodding bed bugs with a toothpick. One 
toothpick was used per medicine cup to avoid transferring product to other bed bugs. Bed 
bugs that exhibited no movement were marked as dead. The proportions of bed bugs 
killed per product, per time, were compared within each strain using ANOVA followed 
by Fisher’s LSD test. The model used for the analyses included terms for product 
(d.f.=3), block (d.f.=1), and error (d.f.=19). Products were considered significantly 
different when p-values were less than α=0.05. All analyses were conducted using SAS 
9.3. Voucher specimens for both strains are deposited in the Clemson University 
Arthropod Collection, and bear the label “Hinson dissertation, Chapter 2: Part 2”. 
Part 2: Results and Discussion 
The efficacy of products differed based on product and time (Figures 2.4-2.5, 
Tables 2.5-2.8). Bed Bug Patrol, Green Bug, and Zenprox (final mortality of 17%, 13%, 
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and 3%, respectively) all displayed very poor efficacy against field-strain bed bugs, 
failing to differ significantly from the control (final mortality of 10%) throughout the 
duration of the experiment. Bed Bug Patrol (3% final mortality) and Green Bug (13% 
final mortality) delivered a similar performance against Harlan-strain bugs, while 
Zenprox differed from the control (3% final mortality) at days 2-14, and achieved 100% 
mortality at day six. Similar to the direct-spray assay, field-strain bed bugs appeared to 
have a naturally higher mortality rate than Harlan-strain bugs when exposed to controls 
or naturally-based insecticides.  
The findings of this study indicate that even essential oils which were shown to 
ultimately produce 100% mortality as direct sprays may offer no residual control. These 
products were evaluated 24 hours post-application. This demonstrates that if any residual 
control is to be achieved at all, then the product may have to be applied at least once per 
day. As the residual efficacy of these products during a shorter time span is unknown, 
this is not recommended. While the repellency of these products remains untested by 
independent researchers, Romero et al. (2009) demonstrated that bed bugs which were 
repelled by deltamethrin were willing to cross a deltamethrin-treated barrier to obtain a 
blood meal. These deltamethrin exposures also had no significant effect on the mortality 
of blood fed individuals that had contacted the insecticide. Koul et al. (2008) reported 
that most essential oils which display repellent properties last less than two hours. As bed 
bugs are reported to be most active 3 AM-6 AM (Mellanby 1939b), any individual on a 
typical sleep cycle who applied essential oils prior to sleeping would have the product 
lose its repellency hours before the greatest period of bed bug feeding activity even 
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began. Until long-term repellency in the presence of a host has been determined through 
scientific research, it would be best to err on the side of caution and assume that these 
products do not provide any type of barrier or residual action against bed bugs. 
Zenprox presented one of the more unexpected findings in this study. Zenprox is 
widely used for bed bug control, yet despite this, the product failed to differ from the 
control when exposed to field-strain bugs, though Zenprox was 100% effective in 6 days 
against Harlan-strain bugs. These findings parallel those detailed in Chapter 3, in which 
Zenprox produced moderate mortality against field-strain bed bugs (70% final mortality) 
and 100% mortality in three days against Harlan-strain bugs exposed to treated metal 
panels. As Zenprox-treated panels were aged for one week, while Zenprox-treated filter 
paper was aged for one day, the higher mortality produced by Zenprox on treated panels 
is probably due to surface type. Arias et al. (2003) examined the residual efficacy of four 
pyrethroid formulations on three surfaces of varying porosity (circular blocks of wood, 
straw with mud, straw with mud painted with lime, and mud containing 5% cement) 
when attempting to control another medically important, blood-sucking Hemipteran, 
Triatoma infestans Klung. By using formulations as either wettable powders or 
suspension concentrates, Arias et al. (2003) found that the most effective combinations 
were liquid sprays (suspension concentrates) applied to the least porous surfaces (wood 
and lime-coated mud), irrespective of the concentration of active ingredient used. If 
Zenprox is truly effective in the field, much of its control may be due to its efficacy on 
non-porous surfaces.  
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As both natural products failed to demonstrate any level of control when applied 
to filter paper, it is likely that these products would also perform poorly on bedroom 
fabrics. Green Bug’s instructions indicate that the product can be applied to “furniture 
and carpet”, and Bed Bug Patrol’s instructions state that the product can be applied to 
“bedding and carpet”, and to “follow-up in 1-2 weeks”. Whether such applications are 
limited to direct sprays, residual sprays, or repellent sprays is not stated, despite clear 
differences in direct- and residual-application performance. It is likely that many 
manufacturers never evaluated their products beyond direct sprays. Nonetheless, it is safe 
to assume that many, if not most individuals who have purchased such products believe 
that the product can be applied to a surface, and that such an application results in pest 
elimination. It is inevitable that many of these applications are directed at pillows, bed 
sheets, or other fabrics, where the product would cause little to no mortality. 
Similar to the approach taken in this study, future researchers should focus 
initially on mortality resulting from direct sprays. Products which demonstrate the highest 
levels of mortality can then be chosen for residual-spray assays. Although one could 
make the argument that some products may perform well residually, but poorly as a 
direct spray, this would be very unlikely given that direct-spray applications indirectly 
examine residual efficacy if bed bugs are maintained on the surface on which they were 
directly sprayed. 
Of the five natural products (Cymex, Rest Easy, Neem, Bed Bug Patrol, Green 
Bug) examined in direct and residual assays, only two products (Bed Bug Patrol and 
Green Bug) demonstrated acceptable levels of control as direct sprays, while no natural 
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product demonstrated residual efficacy on filter paper after 24 hours. Zenprox, the only 
non-natural product tested, was the only product to produce residual mortality. Future 
researchers may wish to investigate the efficacy of these products on less porous surfaces. 
While it is possible that some naturally-based products may demonstrate higher levels of 
residual control on low-porosity surfaces, this should not be assumed without supporting 
data, as the aforementioned results have already revealed that some product 
manufacturers are making exaggerated claims. 
As the search for more effective products continues, it is important to remember 
that even if an effective, direct, and residually acting natural product is discovered, bed 
bugs are insects that are difficult to control by untrained individuals. Products should not 
be marketed to individual homeowners as a replacement for professional treatment, as an 
intimate knowledge of bed bug biology, ecology, and pest control techniques is at least as 
important as the product being used. Failed and/or repeat treatments cost pest control 
operators time and money, therefore, it is their experience and opinions, supported by 
opinions derived from, and delivered by, impartial university testers, that should be 
trusted over the opinions of product manufacturers with vested monetary interests. If 
naturally-based bed bug products are to be available to anyone experiencing infestations, 
such products should be recommended by pest control operators and should be based on 
experience and university data. In such instances, these products may serve as a minor 
supplement to professional treatment.    
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Figure 2.4. Proportion and average stand errors (SE) of adult, pyrethroid-resistant, field-strain bed bugs killed after residual 
applications of a control (distilled water), two natural-based products [Bed Bug Patrol (B. B. Patrol), Green Bug], and an 
industrial product (Zenprox). Mortality was evaluated by spraying filter paper with insecticides and placing bed bugs on the 
filter paper after 24 hours. Mortality was evaluated over a two-week period. All bed bugs were confined to condiment cups 
with filter-paper bases and evaluated for mortality by prodding bed bugs with toothpicks. Any bed bugs exhibiting no 
movement were marked as dead.   
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Figure 2.5. Proportion and average stand errors (SE) of adult, Harold Harlan-strain bed bugs killed after residual applications 
of a control (distilled water), two natural-based products [Bed Bug Patrol (B. B. Patrol), Green Bug], and an industrial product 
(Zenprox). Mortality was evaluated by spraying filter paper with insecticides and placing bed bugs on the filter paper after 24 
hours. Mortality was evaluated over a two-week period. All bed bugs were confined to condiment cups with filter-paper bases 
and evaluated for mortality by prodding bed bugs with toothpicks. Any bed bugs exhibiting no movement were marked as 
dead.  
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Table 2.5. Proportion of adult, pyrethroid-resistant, field-strain bed bugs killed after 
residual-spray applications of a control (distilled water), two natural-based products [Bed 
Bug Patrol (B. Bug Patrol), Green Bug], and an industrial product (Zenprox). Mortality 
was evaluated by spraying filter paper with insecticides and placing bed bugs on the filter 
paper after 24 hours. Mortality was evaluated over a two-week period. All bed bugs were 
confined to condiment cups with filter-paper bases and evaluated for mortality by 
prodding bed bugs with toothpicks. Any bed bugs exhibiting no movement were marked 
as deada.    
 
Time Control  B. Bug Patrol Green Bug Zenprox 
 
1 h 0A 0A 0A 0A 
3 h 0A 0A 0A 0A 
6 h 0A 0A 0A 0A 
12 h 0A 0A 0A 0A 
1 d 0A 0A 0A 0A 
2 d 0A 0A 0A 0A 
3 d 0A 0A 0A 0A 
4 d 0A 0A 0A 0A 
5 d 0A 0A 0A 0A 
6 d 0A 0A 0.03A 0A 
7 d 0A 0A 0.03A 0A 
8 d 0A 0.07A 0.03A 0A 
9 d 0A 0.07A 0.03A 0A 
10 d 0.03A 0.10A 0.03A 0A 
11 d 0.07A 0.10A 0.07A 0A 
12 d 0.07A 0.10A 0.13A 0A 
13 d 0.10A 0.17A 0.13A 0.03A 
14 d 0.10A 0.17A 0.13A 0.03A 
 
aValues sharing exponents are not significantly different using Fisher’s LSD test. 
Comparisons are made within time only.   
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Table 2.6. Degrees of freedom, f-statistics, and p-values for treatment effect on mortality 
at each time period after treatment for adult, pyrethroid-resistant, field-strain bed bugs. 
Treatment effects consisted of residual-spray applications of two natural-based products 
(Bed Bug Patrol, Green Bug), an industrial product (Zenprox), and a control (distilled 
water). Mortality was evaluated by spraying filter paper with insecticides and placing bed 
bugs on the filter paper after 24 hours. Mortality was evaluated over a two-week period. 
All bed bugs were confined to condiment cups with filter-paper bases and evaluated for 
mortality by prodding bed bugs with toothpicks. Any bed bugs exhibiting no movement 
were marked as dead.    
 
Time Degrees of freedom F-statistic Pr> F 
 
1 h 3 - - 
3 h 3 - - 
6 h 3 - - 
12 h 3 - - 
1 d 3 - - 
2 d 3 - - 
3 d 3 - - 
4 d 3 - - 
5 d 3 - - 
6 d 3 1 0.414 
7 d 3 1 0.414 
8 d 3 0.77 0.527 
9 d 3 0.77 0.527 
10 d 3 1.22 0.331 
11 d 3 0.87 0.476 
12 d 3 0.93 0.445 
13 d 3 1.09 0.376 
14 d 3 0.64 0.599 
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Table 2.7. Proportion of adult, Harold Harlan-strain bed bugs killed after residual-spray 
applications of a control (distilled water), two natural-based products [Bed Bug Patrol (B. 
Bug Patrol), Green Bug], and an industrial product (Zenprox). Mortality was evaluated 
by spraying filter paper with insecticides and placing bed bugs on the filter paper after 24 
hours. Mortality was evaluated over a two-week period. All bed bugs were confined to 
condiment cups with filter-paper bases and evaluated for mortality by prodding bed bugs 
with toothpicks. Any bed bugs exhibiting no movement were marked as deada.    
 
Time Control B. Bug Patrol Green Bug Zenprox 
 
1 h 0A 0A 0A 0A 
3 h 0A 0A 0A 0A 
6 h 0A 0A 0A 0A 
12 h 0C 0A 0A 0A 
1 d 0B 0B 0B 0.03A 
2 d 0B 0B 0B 0.67A 
3 d 0B 0B 0B 0.87A 
4 d 0B 0B 0B 0.90A 
5 d 0B 0B 0B 0.90A 
6 d 0B 0B 0B 1A 
7 d 0B 0B 0B 1A 
8 d 0B 0B 0B 1A 
9 d 0B 0B 0B 1A 
10 d 0B 0B 0.03B 1A 
11 d 0B 0B 0.03B 1A 
12 d 0B 0.03B 0.03B 1A 
13 d 0.03B 0.03B 0.07B 1A 
14 d 0.03B 0.03B 0.13B 1A 
 
aValues sharing exponents are not significantly different using Fisher’s LSD test. 
Comparisons are made within time only.   
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Table 2.8. Degrees of freedom, f-statistics, and p-values for treatment effect on mortality 
at each time period after treatment for adult Harold Harlan-strain bed bugs. Treatment 
effects consisted of residual-spray applications of two natural-based products (Bed Bug 
Patrol, Green Bug), an industrial product (Zenprox), and a control (distilled water). 
Mortality was evaluated by spraying filter paper with insecticides and placing bed bugs 
on the filter paper after 24 hours. Mortality was evaluated over a two-week period. All 
bed bugs were confined to condiment cups with filter-paper bases and evaluated for 
mortality by prodding bed bugs with toothpicks. Any bed bugs exhibiting no movement 
were marked as dead.    
 
Time Degrees of freedom F-statistic Pr> F 
 
1 h 3 - - 
3 h 3 - - 
6 h 3 - - 
12 h 3 - - 
1 d 3 1 0.414 
2 d 3 61.29 <0.0001 
3 d 3 401.38 <0.0001 
4 d 3 395.74 <0.0001 
5 d 3 395.74 <0.0001 
6 d 3 infinity <0.0001 
7 d 3 infinity <0.0001 
8 d 3 infinity <0.0001 
9 d 3 infinity <0.0001 
10 d 3 881.00 <0.0001 
11 d 3 881.00 <0.0001 
12 d 3 454.59 <0.0001 
13 d 3 150.29 <0.0001 
14 d 3 129.72 <0.0001 
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CHAPTER THREE 
MORTALITY RESULTING FROM HORIZONTAL INSECTICIDE TRANSFER 
As bed bugs are difficult to locate and spray directly, the most effective chemicals 
used for their control have residual efficacy (Boase 2001). Such chemicals may be 
present on treated surfaces for weeks or even months, which increases exposure time and 
the probability of bed bugs contacting the chemical. Though the mortality of bed bugs 
exposed to insecticide-treated surfaces has been extensively examined, the ability of bed 
bugs to transfer insecticides to other bed bugs is poorly understood. This phenomenon 
has been documented among other major insect pests, including Formosan subterranean 
termites, Argentine ants, and German cockroaches (Choe and Rust 2008, Buczkowski 
and Schal 2001, and Shelton and Grace 2003). The only study focusing on bed bugs and 
horizontal transfer of insecticides was conducted by Akhtar et al. (2013), who found that 
horizontal transfer of diatomaceous earth can occur among bed bugs with lethal results. 
To date, no studies have addressed the efficacy of traditional, liquid formulations. Bed 
bugs aggregate in concealed locations when they are not seeking hosts (Reinhard and 
Siva-Jothy 2007). This suggests that bed bugs may encounter and become contaminated 
by insecticides before returning to harborages. The objective of this study was to 
investigate horizontal insecticide transfer by examining the mortality of Harold Harlan- 
and pyrethroid-resistant, field-strain bed bugs when exposed to bed bugs that had come 
into contact with an insecticide-treated surface. I hypothesized that all products would 
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induce mortality resulting from horizontally-transferred insecticides, and that mortality 
would occur at a lower rate compared to directly-treated bed bugs.     
Materials and Methods 
Four commercially available industrial products and a control (distilled water) 
were examined in this study, including Demand CS® (Syngenta: Basel, Switzerland), 
Phantom SC® (BASF: Ludwigshafen, Germany), Transport Mikron® (FMC Co., 
Philadelphia, PA), and Zenprox® (Wellmark International: Schaumburg, Illinois). 
Demand (at 0.03%) consisted of 9.7% lambda cyhalothrin and 90.3% other ingredients. 
Phantom (at 0.5%) consisted of 21.45% chlorfenapyr and 78.55% other ingredients. 
Transport (at 0.11%) included 5% acetamiprid, 6% bifenthrin, and 89% other ingredients. 
Zenprox (at 0.25%) consisted of 16.2% etofenprox, 64.8% piperonyl butoxide, and 
19.0% other ingredients. All products and the control were sprayed at onto metal panels 
at 25 psi at ~30 cm per second using a spray volume equivalent to 3.78 L/92.9 m2 (1 
gallon/1000 ft2). Products were then aged indoors for one week. As bed bugs are recorded 
to feed at approximately one-week intervals, this design would test the efficacy of 
products against bed bugs which, under field conditions, would have fed immediately 
prior to insecticide treatment. Once products had aged on panels for five days, the 
bottoms of ~30 ml medicine cups were removed with scissors before being inverted and 
waxed to the treated side of the panels. This design allowed bed bugs to be dropped into 
the cups and onto the treated panels. The smooth inner surface of the medicine cups 
prevented bed bugs from escaping while providing a fresh air supply. 
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All bed bugs were maintained at 26°C, ~40% RH, and a reversed 12L/12D 
photoperiod before being removed from colony. All bed bugs were fed defribrinated 
rabbit blood (Hemostat Laboratories: Dixon, CA) through an artificial feeding system 
(detailed in Appendix A) five days prior to being placed on panels. At approximately day 
five of panel aging, >250 Harold Harlan- or “Harlan-strain” bugs and >250 pyrethroid-
resistant, field-strain or “field-strain” bugs were individually painted on the dorsal side of 
the abdomen with a small dab of orange, non-toxic acrylic paint (PrismTM, Palmer Paint 
Products: Troy, MI). The Harold Harlan strain is an insecticide-susceptible strain that has 
been maintained in colony for over 40 years. The pyrethroid-resistant field strain, or 
“Jersey city” strain is a moderately pyrethroid-resistant strain originally collected from 
Jersey City, NJ. Both strains were provided by North Carolina State University.  
After panels had aged seven days, five painted bed bugs were placed onto each of 
100 panels, totaling 50 painted bed bugs per product for each strain. Painted bed bugs 
remained on the treated metal surface for one hour before being transferred to 120 mm 
petri dishes by inverting metal panels over the dish. Prior to introducing insecticide- 
contaminated bed bugs, each dish petri was supplied with a piece of 60 mm Whatman 
(Vernon Hills, IL) filter paper (to provide a textured surface and encourage aggregation), 
as well as five unpainted bed bugs that had not been exposed to insecticides. Mortality of 
both marked (insecticide-exposed) and unmarked (exposed to transferred insecticides 
only) bed bugs was recorded by prodding bed bugs with a toothpick. Bed bugs that 
exhibited no movement were marked as dead. Bed bugs were assessed for mortality at 1, 
3, 6, 12, and 24 hours, and once per day for a period of two weeks. Proportion of bed 
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bugs killed per product, per time, were compared within each strain using ANOVA 
followed by Fisher’s LSD test. The model used for the analyses included terms for 
product (d.f.=4), block (d.f.=4), and error (d.f.=16). Products were considered 
significantly different when p-values were less than α=0.05. All analyses were conducted 
using SAS 9.3. Voucher specimens for both strains are deposited in the Clemson 
University Arthropod Collection, and bear the label “Hinson dissertation, Chapter 3”. 
Results and Discussion 
The efficacy of products varied based on strain and whether bed bugs were 
directly or indirectly exposed to insecticides (Figures 3.1-3.2, Tables 3.1-3.8). The most 
effective product for marked, field-strain bed bugs was Transport, which produced 100% 
mortality at seven days and differed significantly from all other products throughout the 
duration of the experiment. Zenprox produced the second highest mortality level among 
marked, field-strain bed bugs at 72%, and differed significantly from Phantom days 11-
14, and the control days 8-14. Zenprox failed to differ significantly from Demand (final 
mortality of 62%) throughout the experiment. Phantom produced 32% mortality and 
differed from Demand days 13-14, and was the only product that failed to differ 
significantly from the control throughout the experiment.  
Products produced very similar results for field-strain bed bugs that were 
unmarked and indirectly exposed to the insecticides, though, as expected, mortality levels 
were lower. Transport once again produced the highest level of mortality at 96%, which 
differed from all other insecticides throughout the experiment. Zenprox ranked second for 
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final mortality (46%) and differed from Demand days 6-13 and Phantom days 6-14. 
Demand resulted in 34% mortality and failed to differ from Phantom or the control 
throughout the experiment. Phantom produced the lowest mortality (24%) and failed to 
differ significantly from the control. 
Harold Harlan-strain bed bugs that were directly exposed to insecticides 
experienced higher levels of mortality than directly-exposed, field-strain bed bugs. 
Pronounced differences between strains were evident for Transport, Demand, and 
Zenprox. Although all three products ultimately resulted in 100% mortality, the products 
which produced the highest levels of mortality against field-strain bed bugs produced 
100% mortality at an earlier period for Harlan-strain bed bugs. Transport resulted in 
100% mortality at six hours, whereas three days were required to achieve the same 
mortality with Zenprox. Demand appeared again to fall slightly behind Zenprox in 
overall performance, requiring seven days to reach 100% mortality.  
As expected, mortality for Harlan-strain bed bugs that were unmarked and 
indirectly exposed to insecticides was lower than the mortality experienced by marked 
and directly-exposed bed bugs per product. Several products ultimately resulted in 100% 
mortality for both marked and unmarked bed bugs, however, unmarked bed bugs required 
a longer period of time to reach 100% mortality. Transport resulted in 100% mortality at 
four days and differed from the control and Phantom throughout the experiment. 
Transport differed from Zenprox at one hour-three days, and from Demand one hour-13 
days. Zenprox differed from the control at 12 hours-14 days and from Demand at three 
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hours-six hours and one day-14 days. Zenprox differed from Phantom at 12 hours-14 
days. 
Several products produced significant differences in mortality based on whether 
bed bugs were exposed to insecticides directly or indirectly (Figures 3.9-3.10). Those 
products which produced the greatest number of significant differences, as well as 
significant differences for the most time intervals, included Transport (pyrethroid-
resistant field strain) and Demand (Harold Harlan strain). Although these differences 
indicate statistically meaningful differences for the transfer of insecticides, a lack of 
statistical difference among other products does not suggest that such products were 
transferred effectively, particularly for those products which produced mortality that was 
similar to the control for direct and indirect exposures.  
Transport was the most effective insecticide overall, followed by Zenprox and 
Demand, with Phantom displaying the lowest overall mortality. Although Transport and 
Zenprox combine pyrethroids with other active ingredients, and therefore cannot be 
generalized simply as pyrethroid products, it is somewhat surprising that the only product 
that did not contain a pyrethroid (Phantom) was the most ineffective against all bed bugs, 
including the pyrethroid-resistant field strain. Phantom left a uniform layer of dry, white, 
residue on treated panels, along with Demand, which left a dry and spotty residue. This 
dry residue may not have adhered as readily to the exoskeleton of bed bugs compared to 
the wet residue of Zenprox or Transport. A large amount of liquid insecticide in the form 
of many small, shallow droplets remained on panels treated with Transport at the time 
(one week post-spraying) of bed bug exposure. Zenprox residue also existed in a liquid 
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state at the time of exposure, although this was distributed as a thinner, uniform layer 
with a greasy appearance.  
Bed bugs were observed distorting the liquid layer of Transport and Zenprox as 
they moved over the panel surfaces. These findings suggest that insecticides that remain 
as a liquid within the environment may be more effective for direct and transferred 
mortality. This may be due to ease of transfer and/or easier cuticular absorption. The 
availability and consequent efficacy of a liquid insecticide appears to be dependent on the 
porosity/absorbance of the surfaces to which the insecticide is applied. As previously 
stated, Arias et al. (2003) examined the residual efficacy of four pyrethroid formulations 
on three surfaces of varying porosity (circular blocks of wood, straw with mud, straw 
with mud painted with lime, and mud containing 5% cement) when attempting to control 
another medically important blood-sucking Hemipteran, Triatoma infestans Klung. By 
using formulations as either wettable powders or suspension concentrates, Arias et al. 
(2003) found that the most effective combinations were liquid sprays (suspension 
concentrates) applied to the least porous surfaces (wood and lime coated mud), 
irrespective of the concentration of active ingredient used. This phenomenon is further 
supported by comparing results from a preliminary study with those presented in chapter 
three. In an initial attempt to evaluate residual spray efficacy, Green Bug was applied to 
plastic cups fitted with a filter paper bottom prior to spraying. Most of the insecticide was 
absorbed by the filter paper, though a thin layer of insecticide remained at the bottom of 
the cup’s inner lip. This was enough to result in 100% mortality within one hour for both 
strains. When cups were fitted with filter paper after the paper was sprayed, this thin 
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layer of insecticide was prevented from forming, which resulted in Green Bug producing 
a level of mortality that failed to differ from the control. A similar effect was seen for 
Zenprox. When Zenprox was sprayed on metal panels (a nonporous surface), mortality 
reached 100% for marked and unmarked Harlan-strain bugs, and 72% (marked) and 46% 
(unmarked) for field-strain bugs. Zenprox was much less effective once the product was 
applied to filter paper. Although Zenprox still reached 100% mortality for Harlan-strain 
bugs, it failed to differ significantly from the control for field-strain bugs.  
The most effective insecticides examined had different active ingredients, yet all 
persisted in a liquid form on non-porous surfaces. Although the chemical action of 
insecticides is important, it appears that more attention should be paid to whether the 
formulation has any bearing on the product’s efficacy. According to Carolina Pest 
Control (personal communication), Zenprox has become their most popular product for 
bed bug control. Although this may be due in part to good marketing, ineffective products 
are probably less likely to become popular among pest control professionals. Given 
Zenprox’s differing performance on surface types, much of Zenprox’s field efficacy may 
be due to its persistence on less absorptive/nonporous surfaces (metal bed frames, 
hardwood furniture, etc.) compared to more absorptive/porous surfaces (various bed, 
curtain, and carpet fabrics). Lehnert (2013) demonstrated that bed bug product efficacy 
can be dependent on application surface.  
Along with varying surface type and selecting additional products, future 
researchers may wish to modify the methodology of this experiment. Although the small 
amount of nontoxic paint added to the surface of marked, control bugs demonstrated that 
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paint did not appear to affect their survival rate, it is possible to track treated versus 
untreated bugs without using paint. This may be done by exposing late-instar nymphs to 
insecticides and transferring them to containers/panels harboring unexposed adults. If 
using this method, precaution would have to be taken to ensure that fifth instar nymphs 
are not capable of molting to the adult stage. Although my experience has taught me that 
the molting capacity of bed bugs can be determined by coloration, blood content, and 
distension of the abdomen, the simplest way to ensure that fifth instars do not molt to the 
adult stage is to feed hungry forth instars separately from colony. Any fifth instars 
resulting from fed fourth instars would require an additional blood meal to molt to the 
adult stage. An alternative method would be to designate one sex as the treated bed bug, 
and introduce these to the opposite sex, though half of the treated panels should have 
sex/treatment designations reversed to help control for any behavioral effects which may 
affect mortality (males attempting to mate with females, mated females avoiding males, 
etc.). Determining the sex of a bed bug with the naked eye may seem challenging 
initially, but can be quickly mastered. 
There are many opportunities for future research on insecticide transfer and 
product efficacy based on surface types. Researchers may wish to identify harborages in a 
naturally occurring bed bug infestation, and treat a single harborage with an insecticide. 
This may be performed with several insecticides if additional research sites are available. 
Once the harborage is treated, the location could be revisited at a later date, at which time 
samples of material from the untreated harborages could be collected and submitted for 
chemical analyses to determine whether insecticides had been transferred to untreated 
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harborages. Other researchers may wish to examine whether insecticide efficacy is 
affected by orientation of the treated surface. It is possible that insecticides, particularly 
liquid sprays, may be more effective on horizontal surfaces, which might prevent gravity 
induced runoff compared to vertical surfaces, which may experience a higher level of 
runoff and lower insecticide efficacy.
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Figure 3.1. Proportion and average standard errors (SE) of adult, pyrethroid-resistant, field-strain bed bugs killed by direct 
exposure to insecticide-treated panels (designated “marked”) and insecticides transferred by other bed bugs (exposed through 
transfer designated “unmarked”). Marked bed bugs were placed on insecticide-treated panels and transferred to petri dishes 
containing unmarked bed bugs after one hour. Mortality was evaluated for both marked and unmarked bed bugs over a two-
week period. All bed bugs (marked and unmarked) were confined within petri dishes throughout the two-week period. Bed 
bugs were evaluated for mortality by prodding with toothpicks. Any bed bugs exhibiting no movement were marked as dead.    
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Figure 3.2. Proportion and average standard errors (SE) of adult Harold Harlan-strain bed bugs killed by direct exposure to 
insecticide-treated panels (designated “marked”) and insecticides transferred by other bed bugs (exposed through transfer 
designated “unmarked”). Marked bed bugs were placed on insecticide-treated panels and transferred to petri dishes containing 
unmarked bed bugs after one hour. Mortality was evaluated for both marked and unmarked bed bugs over a two-week period. 
All bed bugs (marked and unmarked) were confined within petri dishes throughout the two-week period. Bed bugs were 
evaluated for mortality by prodding with toothpicks. Any bed bugs exhibiting no movement were marked as dead.    
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Table 3.1. Proportion of marked, adult, pyrethroid-resistant, field-strain bed bugs killed 
by direct exposure to insecticide-treated panels. Marked bed bugs were placed on 
insecticide-treated panels and transferred to petri dishes containing unmarked bed bugs 
after one hour. Mortality was evaluated for both marked and unmarked bed bugs over a 
two-week period. All bed bugs (marked and unmarked) were confined within petri dishes 
throughout the two-week period. Bed bugs were evaluated for mortality by prodding with 
toothpicks. Any bed bugs exhibiting no movement were marked as deada.  
 
Time Control Zenprox Demand Phantom Transport 
 
1 h 0B 0B 0B 0B 0.62A 
3 h 0B 0B 0B 0B 0.52A 
6 h 0B 0B 0B 0B 0.42A 
12 h 0B 0B 0B 0B 0.40A 
1 d 0B 0.02B 0B 0B 0.40A 
2 d 0.02B 0.06B 0.02B 0.08B 0.58A 
3 d 0.08B 0.04B 0.04B 0.08B 0.76A 
4 d 0.08B 0.16B 0.10B 0.10B 0.96A 
5 d 0.08B 0.20B 0.16B 0.14B 0.96A 
6 d 0.08B 0.24B 0.28B 0.14B 0.96A 
7 d 0.08C 0.22B/C 0.32B 0.18B/C 1A 
8 d 0.10C 0.32B 0.34B 0.22B/C 1A 
9 d 0.12C 0.36B 0.34B 0.24B/C 1A 
10 d 0.14C 0.44B 0.38B 0.26B/C 1A 
11 d 0.16D 0.54B 0.46B/C 0.28C/D 1A 
12 d 0.16D 0.56B 0.48B/C 0.30C/D 1A 
13 d 0.16C 0.66B 0.56B 0.30C 1A 
14 d 0.18C 0.72B 0.62B 0.32C 1A 
 
aValues sharing exponents are not significantly different using Fisher’s LSD test. 
Comparisons are made within time only.   
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Table 3.2. Degrees of freedom, f-statistic, and p-value for treatment effect on mortality at 
each time period for marked, adult, pyrethroid-resistant, field-strain bed bugs. Treatment 
effects consisted of exposing marked bed bugs to panels treated with distilled water, 
Zenprox, Demand, Phantom, or Transport. Marked bed bugs were placed on insecticide-
treated panels and transferred to petri dishes containing unmarked bed bugs after one 
hour. Mortality was evaluated for both marked and unmarked bed bugs over a two-week 
period. All bed bugs (marked and unmarked) were confined within petri dishes 
throughout the two-week period. Bed bugs were evaluated for mortality by prodding with 
toothpicks. Any bed bugs exhibiting no movement were marked as dead.    
 
Time Degrees of freedom F-statistic Pr> F 
 
1 h 4 infinity <0.0001 
3 h 4 2.67 0.071 
6 h 4 4.57 0.012 
12 h 4 10.29 0.0003 
1 d 4 6.00 0.004 
2 d 4 4.70 0.011 
3 d 4 12.78 <0.0001 
4 d 4 9.28 0.0004 
5 d 4 10.53 0.0002 
6 d 4 19.73 <0.0001 
7 d 4 20.50 <0.0001 
8 d 4 35.27 <0.0001 
9 d 4 55.65 <0.0001 
10 d 4 46.63 <0.0001 
11 d 4 46.38 <0.0001 
12 d 4 47.01 <0.0001 
13 d 4 45.67 <0.0001 
14 d 4 32.20 <0.0001 
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Table 3.3. Proportion of unmarked, adult, pyrethroid-resistant, field-strain bed bugs 
killed by exposure to insecticides transferred by other bed bugs. Marked bed bugs were 
placed on insecticide-treated panels and transferred to petri dishes containing unmarked 
bed bugs after one hour. Mortality was evaluated for both marked and unmarked bed 
bugs over a two-week period. All bed bugs (marked and unmarked) were confined within 
petri dishes throughout the two-week period. Bed bugs were evaluated for mortality by 
prodding with toothpicks. Any bed bugs exhibiting no movement were marked as deada.    
 
Time Control Zenprox Demand Phantom Transport 
 
1 h 0B 0B 0B 0B 0.1A 
3 h 0B 0B 0B 0B 0.04A 
6 h 0B 0B 0B 0B 0.08A 
12 h 0B 0B 0B 0B 0.12A 
1 d 0B 0.02B 0.02B 0B 0.12A 
2 d 0.02B 0.04B 0.04B 0B 0.18A 
3 d 0.02B 0.08B 0.10B 0B 0.40A 
4 d 0.02B 0.16B 0.08B 0.06B 0.50A 
5 d 0.04B 0.18B 0.08B 0.08B 0.48A 
6 d 0.12C 0.28B 0.10C 0.12C 0.56A 
7 d 0.12C 0.30B 0.14C 0.12C 0.66A 
8 d 0.12C 0.34B 0.18C 0.12C 0.82A 
9 d 0.16C 0.38B 0.18C 0.16C 0.88A 
10 d 0.18C 0.42B 0.24C 0.18C 0.94A 
11 d 0.22C 0.44B 0.26C 0.18C 0.94A 
12 d 0.24C 0.46B 0.28C 0.20C 0.94A 
13 d 0.24C 0.48B 0.30C 0.20C 0.96A 
14 d 0.32B/C 0.46B 0.34B/C 0.24C 0.96A 
 
aValues sharing exponents are not significantly different using Fisher’s LSD test. 
Comparisons are made within time only.   
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Table 3.4. Degrees of freedom, f-statistic, and p-value for treatment effect on mortality at 
each time period for unmarked, adult, pyrethroid-resistant, field-strain bed bugs. 
Treatment effects consisted of exposing unmarked bed bugs to marked bed bugs which 
had been exposed to Zenprox, Demand, Phantom, or Transport. Marked bed bugs were 
placed on insecticide-treated panels and transferred to petri dishes containing unmarked 
bed bugs after one hour. Mortality was evaluated for both marked and unmarked bed 
bugs over a two-week period. All bed bugs (marked and unmarked) were confined within 
petri dishes throughout the two-week period. Bed bugs were evaluated for mortality by 
prodding with toothpicks. Any bed bugs exhibiting no movement were marked as dead.    
 
Time Degrees of freedom 
 
F-statistic Pr> F 
 
1 h 4 infinity <0.0001 
3 h 4 2.67 0.071 
6 h 4 4.57 0.019 
12 h 4 10.29 0.0003 
1 d 4 6.00 0.013 
2 d 4 4.70 0.011 
3 d 4 12.78 <0.0001 
4 d 4 9.28 0.0004 
5 d 4 10.53 0.0002 
6 d 4 19.73 <0.0001 
7 d 4 20.50 <0.0001 
8 d 4 35.27 <0.0001 
9 d 4 55.65 <0.0001 
10 d 4 46.63 <0.0001 
11 d 4 46.38 <0.0001 
12 d 4 47.01 <0.0001 
13 d 4 45.67 <0.0001 
14 d 4 32.20 <0.0001 
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Table 3.5. Proportion of marked, adult, Harold Harlan-strain bed bugs killed by direct 
exposure to insecticide-treated panels. Marked bed bugs were placed on insecticide-
treated panels and transferred to petri dishes containing unmarked bed bugs after one 
hour. Mortality was evaluated for both marked and unmarked bed bugs over a two-week 
period. All bed bugs (marked and unmarked) were confined within petri dishes 
throughout the two-week period. Bed bugs were evaluated for mortality by prodding with 
toothpicks. Any bed bugs exhibiting no movement were marked as deada.    
 
Time Control Zenprox Demand Phantom Transport 
 
1 h 0B 0B 0.88A 0B 0.66A 
3 h 0.02D 0.18C 0.74B 0D 0.98A 
6 h 0.04D 0.30C 0.74B 0D 1A 
12 h 0.06D 0.52C 0.82B 0D 1A 
1 d 0.08C 0.74B 0.76B 0C 1A 
2 d 0.10C 0.94A/B 0.82B 0.06C 1A 
3 d 0.10B 1A 0.94A 0.10B 1A 
4 d 0.12B 1A 0.96A 0.12B 1A 
5 d 0.16B 1A 0.96A 0.16B 1A 
6 d 0.20B 1A 0.98A 0.20B 1A 
7 d 0.22B 1A 1A 0.22B 1A 
8 d 0.24B 1A 1A 0.28B 1A 
9 d 0.24B 1A 1A 0.32B 1A 
10 d 0.26B 1A 1A 0.34B 1A 
11 d 0.30B 1A 1A 0.36B 1A 
12 d 0.32B 1A 1A 0.40B 1A 
13 d 0.32B 1A 1A 0.44B 1A 
14 d 0.36B 1A 1A 0.48B 1A 
 
aValues sharing exponents are not significantly different using Fisher’s LSD test. 
Comparisons are made within time only.   
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Table 3.6. Degrees of freedom, f-statistic, and p-value for treatment effect on mortality at 
each time period for marked, adult Harold Harlan-strain bed bugs. Treatment effects 
consisted of exposing marked bed bugs to panels treated with distilled water, Zenprox, 
Demand, Phantom, or Transport. Marked bed bugs were placed on insecticide-treated 
panels and transferred to petri dishes containing unmarked bed bugs after one hour. 
Mortality was evaluated for both marked and unmarked bed bugs over a two-week 
period. All bed bugs (marked and unmarked) were confined within petri dishes 
throughout the two-week period. Bed bugs were evaluated for mortality by prodding with 
toothpicks. Any bed bugs exhibiting no movement were marked as dead.    
 
Time Degrees of freedom F-statistic Pr> F 
 
1 h 4 23.84 <0.0001 
3 h 4 16.97 <0.0001 
6 h 4 19.29 <0.0001 
12 h 4 17.04 <0.0001 
1 d 4 43.47 <0.0001 
2 d 4 65.80 <0.0001 
3 d 4 343.42 <0.0001 
4 d 4 126.05 <0.0001 
5 d 4 241.00 <0.0001 
6 d 4 33.95 <0.0001 
7 d 4 141.31 <0.0001 
8 d 4 118.70 <0.0001 
9 d 4 116.98 <0.0001 
10 d 4 108.98 <0.0001 
11 d 4 76.45 <0.0001 
12 d 4 73.86 <0.0001 
13 d 4 107.05 <0.0001 
14 d 4 103.24 <0.0001 
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Table 3.7. Proportion of unmarked, adult, Harold Harlan-strain bed bugs killed by 
exposure to insecticides transferred by other bed bugs. Marked bed bugs were placed on 
insecticide-treated panels and transferred to petri dishes containing unmarked bed bugs 
after one hour. Mortality was evaluated for both marked and unmarked bed bugs over a 
two-week period. All bed bugs (marked and unmarked) were confined within petri dishes 
throughout the two-week period. Bed bugs were evaluated for mortality by prodding with 
toothpicks. Any bed bugs exhibiting no movement were marked as deada.  
   
Time Control Zenprox Demand Phantom Transport 
 
1 h 0B 0B 0B 0B 0.42A 
3 h 0C 0C 0.26B 0C 0.40A 
6 h 0C 0.02C 0.26B 0C 0.48A 
12 h 0C 0.26B 0.24B 0C 0.70A 
1 d 0D 0.54B 0.32C 0D 0.84A 
2 d 0.04D 0.70B 0.38C 0D 0.92A 
3 d 0.04D 0.90B 0.44C 0D 0.98A 
4 d 0.04C 0.98A 0.54B 0.02C 1A 
5 d 0.04C 0.98A 0.58B 0.06C 1A 
6 d 0.04C 0.98A 0.60B 0.08C 1A 
7 d 0.08C 0.98A 0.70B 0.10C 1A 
8 d 0.12C 0.98A 0.70B 0.12C 1A 
9 d 0.14C 1A 0.74B 0.14C 1A 
10 d 0.18C 1A 0.76B 0.14C 1A 
11 d 0.22C 1A 0.80B 0.18C 1A 
12 d 0.26C 1A 0.84B 0.20C 1A 
13 d 0.26C 1A 0.88B 0.20C 1A 
14 d 0.30B 1A 0.94A 0.22B 1A 
 
aValues sharing exponents are not significantly different using Fisher’s LSD test. 
Comparisons are made within time only.   
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Table 3.8. Degrees of freedom, f-statistic, and p-value for treatment effect on mortality at 
each time period for unmarked, adult Harold Harlan-strain bed bugs. Treatment effects 
consisted of exposing unmarked bed bugs to marked bed bugs which had been exposed to 
Zenprox, Demand, Phantom, or Transport. Marked bed bugs were placed on insecticide-
treated panels and transferred to petri dishes containing unmarked bed bugs after one 
hour. Mortality was evaluated for both marked and unmarked bed bugs over a two-week 
period. All bed bugs (marked and unmarked) were confined within petri dishes 
throughout the two-week period. Bed bugs were evaluated for mortality by prodding with 
toothpicks. Any bed bugs exhibiting no movement were marked as dead.    
 
Time Degrees of freedom F-statistic Pr> F 
 
1 h 4 23.84 <0.0001 
3 h 4 16.97 <0.0001 
6 h 4 19.29 <0.0001 
12 h 4 17.04 <0.0001 
1 d 4 43.47 <0.0001 
2 d 4 65.80 <0.0001 
3 d 4 343.42 <0.0001 
4 d 4 126.05 <0.0001 
5 d 4 241.00 <0.0001 
6 d 4 33.95 <0.0001 
7 d 4 141.31 <0.0001 
8 d 4 118.70 <0.0001 
9 d 4 116.98 <0.0001 
10 d 4 108.98 <0.0001 
11 d 4 76.45 <0.0001 
12 d 4 73.86 <0.0001 
13 d 4 107.05 <0.0001 
14 d 4 103.24 <0.0001 
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Table 3.9. P-values associated with comparisons of proportions of adult, pyrethroid-
resistant, field-strain bed bugs killed by direct vs. transferred insecticides for each 
product. Marked bed bugs were placed on insecticide-treated panels and transferred to 
petri dishes containing unmarked bed bugs after one hour. Mortality was evaluated for 
both marked and unmarked bed bugs over a two-week period. All bed bugs (marked and 
unmarked) were confined within petri dishes throughout the two-week period. Bed bugs 
were evaluated for mortality by prodding with toothpicks. Any bed bugs exhibiting no 
movement were marked as deada.  
 
Time Control Zenprox Demand Phantom Transport 
 
1 h - - - - 0.003* 
3 h - - - - 0.001* 
6 h - - - - 0.021* 
12 h - - - - 0.031* 
1 d - 1 0.374 - 0.045* 
2 d 1 0.704 0.621 0.178 0.051 
3 d 0.208 0.587 0.208 0.178 0.079 
4 d 0.208 1 0.621 0.587 0.028* 
5 d 0.477 0.749 0.099 0.607 0.016* 
6 d 0.477 0.772 0.121 0.89 0.022* 
7 d 0.477 0.629 0.137 0.697 0.030* 
8 d 0.749 0.876 0.160 0.43 0.037* 
9 d 0.541 0.861 0.16 0.495 0.033* 
10 d 0.621 0.799 0.206 0.405 0.208 
11 d 0.468 0.413 0.116 0.351 0.208 
12 d 0.374 0.497 0.061 0.23 0.208 
13 d 0.374 0.121 0.049* 0.23 0.179 
14 d 0.206 0.065 0.08 0.242 0.179 
 
aP-values designated * are significantly different at α=0.05. 
 
 71
Table 3.10. P-values associated with comparisons of proportions of adult, Harold Harlan-
strain bed bugs killed by direct vs. transferred insecticides for each product. Marked bed 
bugs were placed on insecticide-treated panels and transferred to petri dishes containing 
unmarked bed bugs after one hour. Mortality was evaluated for both marked and 
unmarked bed bugs over a two-week period. All bed bugs (marked and unmarked) were 
confined within petri dishes throughout the two-week period. Bed bugs were evaluated 
for mortality by prodding with toothpicks. Any bed bugs exhibiting no movement were 
marked as deada.  
 
Time Control Zenprox Demand Phantom Transport 
 
1 h - - <0.001* - 0.254 
3 h 0.374 0.053 0.001* - 0.002* 
6 h 0.374 0.025* <0.001* - 0.004* 
12 h 0.208 0.019* <0.001* - 0.052 
1 d 0.178 0.178 0.003* - 0.099 
2 d 0.374 0.009* 0.003* 0.07 0.099 
3 d 0.374 0.034* <.001* 0.142 0.374 
4 d 0.338 0.374 0.005* 0.298 - 
5 d 0.284 0.374 0.001* 0.298 - 
6 d 0.16 0.374 0.001* 0.208 0.374 
7 d 0.263 0.374 0.005* 0.236 - 
8 d 0.388 0.374 0.005* 0.256 - 
9 d 0.486 - 0.019* 0.105 - 
10 d 0.629 - 0.024* 0.061 - 
11 d 0.596 - 0.047* 0.181 - 
12 d 0.607 - 0.078 0.129 - 
13 d 0.607 - 0.07 0.061 - 
14 d 0.683 - 0.07 0.057 - 
 
aP-values designated * are significantly different at α=0.05. 
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CHAPTER FOUR 
EVALUATION OF BED BUG EGG HATCH RATE AND NYMPH SURVIVAL 
USING FOUR COMMERCIALLY AVAILABLE INSECTICIDES  
APPLIED AS DIRECT SPRAYS 
As noted by Toloza et al. (2008), most insecticides are geared toward adult and 
larval stages, despite the fact that eggs are also exposed to insecticides. The failure to 
eliminate insect eggs can be a major factor that contributes to control failures, and the 
repeated exposure of insect eggs to insecticide applications may result in the selection of 
eggs for insecticide resistance (Toloza et al. 2008). Similar to other insect pests, the 
majority of tests examining the efficacy of insecticides against bed bugs have focused on 
adults or late-instar nymphs. Although these are basic and important variables to assess, it 
is surprising that only two (Callaway and Musgrave 1940, Goddard 2013) studies could 
be located which examined the impact of directly-applied liquid insecticides on bed bug 
egg hatch rate. Callaway and Musgrave (1940) evaluated several compounds applied to 
bed bug eggs as direct sprays, but unfortunately, their findings have limited relevance to 
modern bed bug control. As of 1940, there were no documented cases of bed bug 
resistance to insecticides. Although the absence of resistance cannot be proven, Callaway 
and Musgrave’s (1940) bed bugs were probably more susceptible to insecticides than 
most modern populations. Furthermore, Callaway and Musgrave (1940) diluted all of the 
tested compounds in “highly refined kerosene type oil” before application. Such methods 
are no longer permitted due to safety concerns. Goddard (2013) recently evaluated the 
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efficacy of several modern products when applied to adult bed bugs as a direct spray. 
Goddard (2013) used bed bugs collected from a local poultry house for his assay. As 
noted by the author, results of this study suggested that the poultry house population was 
an insecticide-susceptible strain. The same insecticide-susceptible population was used 
for Goddard’s (2013) egg hatch rate study. Although Goddard’s (2013) work is still 
valuable for understanding egg hatch rates for susceptible strains, most wild bed bug 
populations show some level of resistance (Zhu et al. 2010). 
To address the general lack of information on the efficacy of insecticides when 
applied to bed bug eggs as direct sprays, I chose to evaluate four commonly available 
insecticides when applied to the eggs of the insecticide-susceptible, Harold Harlan strain, 
and a pyrethroid-resistant, field strain. These products included Bedlam® (MGK 
Corporation, Minneapolis, MN), Demand CS® (Syngenta: Basel, Switzerland), Phantom 
SC® (BASF: Ludwigshafen, Germany), and Temprid® (Bayer Corporation, Kansas City, 
MO). Bedlam contained sumithrin (0.40%), MGK-264 (1.53%), and 98.07% other 
ingredients. Demand (at 0.03%) consisted of 9.7% lambda cyhalothrin and 90.3% other 
ingredients. Phantom (at 0.5%) consisted of 21.45% chlorfenapyr and 78.55% other 
ingredients. Temprid (at 0.075%) included imidacloprid (21.0%), beta-cyfluthrin 
(10.5%), and other ingredients (68.5%). These insecticides were chosen based on their 
recent popularity (in Potter and Haynes 2014) and unique chemical profiles. I also chose 
to evaluate the mortality of emerged nymphs. I hypothesized that these products would 
produce different hatch rates, and that egg hatch rate would be lower among the 
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insecticide-susceptible, Harold Harlan strain. I also hypothesized that all products would 
be highly effective against first-instar nymphs. 
Materials and Methods 
All bed bugs were maintained at 26°C, ~40% RH, and a reversed 12L/12D 
photoperiod before being removed from colony. All bed bugs were fed defribrinated 
rabbit blood (Hemostat Laboratories: Dixon, CA) through an artificial feeding system 
(detailed in Appendix A) five days prior to being placed on panels. Approximately one 
week prior to treatment, 300 adult male and 300 adult female pyrethroid-resistant, field-
strain bed bugs (“field-strain bed bugs”), and 230 adult male and 230 adult female Harold 
Harlan-strain bed bugs (“Harlan-strain bed bugs”) were removed from colony. The 
Harold Harlan strain is an insecticide-susceptible strain that has been maintained in 
colony for over 40 years. The pyrethroid-resistant field strain, or “Jersey city” strain is a 
moderately pyrethroid-resistant strain originally collected from Jersey City, NJ. Both 
strains were provided by North Carolina State University. All bed bugs were housed in 
125 ml glass jars with five pieces of folded envelope paper for harborage. A hole (~5 cm 
diameter) was created in the plastic lid of each jar with the use of a Dremel® (Robert 
Bosch Tool Corporation: Mount Propsect, IL). This hole was then covered with white 
organza fabric (Mary Jo’s Cloth Store: Gastonia, NC) and super glued to the plastic lid. 
This provided a fresh air supply and enabled bed bugs to feed through the mesh on an 
artificial feeding system. 
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At nine days prior to insecticide applications, all male bed bugs of both strains 
were allowed to feed to repletion (~30 minutes) on defibrinated rabbit blood. As the 
results of Chapter 8 detail, there is no significant difference in fecundity between males 
deprived of blood for three, 10, and 17 days. Removing any males that did not feed 
ensured that all males had at least one blood meal in their adult lifetime, and that the most 
recent meal occurred three days prior to being mated with females. All female bed bugs 
were fed to repletion (~30 minutes) three days after the feeding of all males. All male bed 
bugs were introduced to the containers of all female bed bugs shortly after females had 
fed (0-2 hours). Males were then housed in containers with females for four days before 
being removed. As recently fed females have been shown to be highly attractive to males 
(Cragg 1920, Mellanby 1939a, Siva-Jothy 2006, Stutt and Siva-Jothy 2001), this method 
was used to promote mating behavior and egg fertility. 
Through several preliminary tests using the methodology described above, I 
determined that female bed bug egg output peaked for both strains at ~5-7 days post 
feeding. Based on these findings, 10 females of field-strain bed bugs were transferred to a 
total of 25 altered condiment cups five days after feeding. Similarly, eight females of 
Harlan-strain bed bugs were transferred to 25 altered condiment cups five days after 
feeding. Fewer Harlan-strain females were used due to limited colony size. Each 
container used to house bed bugs was created by removing the bottom of a 59 ml (~60 
mm diameter x ~30 mm height), plastic condiment cup with scissors before using melted 
wax to fasten one piece of 90 mm Whatman (Vernon Hills, IL) filter paper to the bottom 
of the cup, forming a new base. This base was created to absorb excess product and 
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prevent pooling and envelopment of bed bug eggs. A snap-on lid was modified for each 
cup by removing a circle ~2.5 cm in diameter from the lid’s center. A small circle of 
mesh was then waxed over the hole. This design prevented escape, and provided bed 
bugs with a fresh air supply. Female bed bugs, eggs, and nymphs, were confined within a 
large, soapy water-filled, Tupperware® (Orlando, FL) container to prevent potential 
escapees from infesting the laboratory (detailed in Appendix A). 
Female bed bugs were removed from containers two days after introduction. Bed 
bug eggs were counted, then sprayed using a Pistol Pro (B&G Equipment Company: 
Jackson, GA) at 25 psi at ~30 cm per second, using a volume equivalent to 3.78 L/92.9 
m2 (1 gallon/1000 ft2). The total number of live and dead nymphs present after two weeks 
was determined for each strain and product combination. Usinger (1966) listed the 
development time of bed bugs at different temperatures. By generating an exponential 
trendline based on this data, I determined that eggs should hatch at ~9 days post 
oviposition. As eggs ranged 0-2 days old at the time of treatment, the average egg 
hatched 7-9 days after treatment and was subject to 5-7 days of insecticide exposure. The 
number of nymphs present for each product/strain combination was divided by the 
number of eggs determined prior to spraying to produce average egg hatch rates. Nymph 
survival rate per product/strain combination was determined by diving the number of 
living nymphs by the total number of hatched nymphs. The average proportions of egg 
hatch rate and nymph survival rate per product and strain combination were compared 
using ANOVA followed by Fisher’s LSD. The models used for the analyses of egg hatch 
rate and live nymph proportions contained terms for product (d.f.=4), block (d.f.=4), and 
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error (d.f.=16). All analyses were conducted using SAS 9.3. Voucher specimens for both 
strains are deposited in the Clemson University Arthropod Collection, and bear the label 
“Hinson dissertation, Chapter 4”. 
Results and Discussion 
Egg hatch rate and proportion of nymphs living two weeks after direct-spray 
applications to eggs varied by product and strain (Table 4.1). Both controls produced 
high hatch rates (96% for Harlan strain, 98% for field strain). As expected, hatch rates 
among Harlan-strain bed bugs were lower than those for field-strain bed bugs. Four of the 
five products were very ineffective, and failed to suppress field-strain egg hatch rates 
below 84%. Of these four, only Bedlam differed from the control at an 84% hatch rate. 
Demand was 100% successful at preventing Harlan-strain egg hatch, but very ineffective 
at preventing hatch of the field strain (90% hatch rate). Phantom failed to differ from the 
controls for both bed bug strains. Temprid, which differed from all other products, was 
the only product to demonstrate a high level of control against the pyrethroid-resistant 
field strain by producing a 13% hatch rate.   
Nymph survival rate after hatching differed by strain and product tested (Table 
4.2). Once again, Harlan-strain bed bugs were more affected by insecticides than field-
strain bed bugs. All Harlan- and field-strain nymphs in control treatments survived the 
duration of the study. No Harlan nymphs survived any treatments other than the control. 
Bedlam failed to differ from the control, and was the worst performing product against 
field-strain bed bugs, succeeding in killing only 1% of bed bugs which successfully 
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hatched. Demand, which differed from all other treatments, was the most effective 
product against field-strain bed bugs, killing all hatched nymphs. Phantom produced 
similar, though statistically different results, killing all but 7% of hatched nymphs. 
Temprid, which differed from all other products, was only moderately effective at killing 
hatched nymphs, leaving 49% of hatched nymphs alive. 
One of the more notable findings of this study was the tendency for products to 
either kill the majority of field-strain eggs while leaving some nymphs alive, or kill few 
eggs and virtually all nymphs. Despite high hatch rates among the field strain, Demand 
and Phantom were both very effective at killing emerged nymphs. Temprid, which was 
the most effective product at killing field-strain eggs, was the second worst product at 
killing the few remaining nymphs. All products were ultimately effective against Harlan- 
strain bed bugs; Demand and Temprid killed 100% of eggs, while Bedlam and Phantom 
killed 100% of nymphs. Why Demand and Phantom performed so poorly at preventing 
egg hatch cannot be fully explained. Demand contains a pyrethroid as the only active 
ingredient, so it is reasonable to expect that this product would not be effective against 
pyrethroid-resistant, field-strain bed bug eggs. However, the active ingredient in Phantom 
(chlorfenapyr) belongs to a class known as the halogenated pyrrholes. Romero et al. 
(2010) found that chlorfenapyr was effective against adults of an insecticide-susceptible 
strain and two strains which were highly resistant to pyrethroids. As multiple 
mechanisms of resistance have been documented among bed bugs, it is possible that they 
Jersey City field strain possesses more and or/different resistance mechanisms than the 
strains examined by Romero et al. (2010). Considering that egg and adult stages are 
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fundamentally different, even this is a difficult comparison to make. One important factor 
to consider is Phantom’s inability to kill Harold Harlan-strain eggs. Although it is 
possible that Harold Harlan embryos are somehow more resistant to insecticides than 
nymphs or adults, a more likely scenario is that hatch rate is dependent on the interaction 
between a variety of factors. If products are highly toxic and weakly permeable, the 
products may fail to kill bed bug eggs, yet kill most nymphs after emergence. Demand 
was very effective against Harlan-strain eggs, yet ineffective against field-strain eggs. As 
previously stated, this may be due to resistance by strain, though it is possible these 
strains also exhibit differences in egg shell composition which contributes to resistance. 
Hatch rate may need to be viewed as the result of an interaction between the type of 
resistance exhibited by a strain, the active ingredient of the product, whether this active 
ingredient is capable of penetrating insect eggs, and the permeability of the particular egg 
or strain of eggs. Whether listed as active or inert ingredients, some ingredients may even 
be capable of breaking down egg chorions. Evaluating such factors were beyond the 
scope of this baseline study, but would be worth examining in the future. 
Temprid was the most successful product at preventing egg hatch, and is 
appropriately labeled for bed bugs eggs. As other products containing pyrethroids 
performed poorly, Temprid’s efficacy may be due in part to its other active ingredient, 
acetamiprid. Bedlam was also labeled for eggs, but performed poorly at preventing egg 
hatch, and was very ineffective at killing nymphs. The true efficacy of this insecticide is 
difficult to evaluate as an aerosol product. Bedlam’s label for bed bug eggs states that the 
product should be applied “for 13 seconds or until damp”. Applying the product as I 
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applied all other products (at one foot per second) did result in a damp surface, but this 
differed greatly from applying the product for 13 seconds, which produced a large, 
visible puddle of insecticide. This latter approach may be feasible for a few small spot 
treatments, but would be very difficult and costly to apply to a larger infestation.  
Phantom and Demand were the two worst products at inhibiting hatch rates. 
Although neither product is specifically labeled for bed bug eggs, many, perhaps most, 
uses of these products do not include an additional product to prevent egg hatch. These 
products appear to be successful at killing first-instar nymphs, yet it is difficult to 
conclude that this translates to control in the field, as these nymphs were confined to 
small containers with residually acting insecticides. It is very possible that these nymphs 
would simply wander from the oviposition site or seek a host and receive little insecticide 
exposure. Future researchers may wish to directly spray eggs on filter paper and transfer 
this paper to a larger arena. This would provide emerging bed bugs with access to a much 
larger, non-treated surface.  
Although Goddard’s (2013) work suffered from some of the previously 
mentioned limitations, it is the only other recent study to investigate the effects of liquid 
insecticides applied directly to bed bug eggs. In addition to several other products, 
Goddard tested Phantom and Bedlam. Goddard’s (2013) hatch rate for Phantom was 
lower (80%) than my findings for either strain, but still showed that the product was 
ineffective. Goddard’s (2013) hatch rate for Bedlam (24%) was much lower than the 
hatch rate produced in this study. This may be due to differences in resistance and/or 
application rate. Goddard (2013) stated that he applied products “according to rate”, so it 
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is very likely that Bedlam was applied to each group of eggs for 13 seconds, which would 
likely produce significantly higher mortality than my applications, even if had both used 
the same resistant strains for our studies. 
The lack of studies on the application of liquid insecticides to bed bug eggs could 
be easily addressed with fairly limited resources. Several very popular industrial products 
have not been examined by independent researchers, nor have any of the recent natural 
products. Such simple applications could be extended to surface type assays, in which 
eggs could be directly sprayed on wood, metal, carpet, etc. to evaluate the effects of 
product and surface.  
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Table 4.1. Egg total and average proportion of hatch rates of Harold Harlan- and 
pyrethroid-resistant, field-strain bed bug eggs when exposed to direct-spray applications. 
Female bed bugs were placed on filter paper by strain and were removed after 48 hours. 
Filter paper was treated directly with liquid insecticides. Treatments consisted of directly 
spraying eggs with distilled water (Control), Bedlam, Demand CS, Phantom SC, or 
Temprid SC. The number of eggs hatched was evaluated two weeks after insecticide 
applications. Standard errors are given for each proportiona. 
 
Product Egg total Harlan strain Egg total Field strain 
Control 203 0.96A ± 0.037 152 0.98A ± 0.045 
Bedlam 213 0.27B ± 0.037 145 0.84B ± 0.045 
Demand CS 206 0C ± 0.037 152 0.90AB ± 0.045 
Phantom SC 216 0.96A ± 0.037 148 0.95AB ± 0.045 
Temprid SC 193 0C ± 0.037 156 0.13C ± 0.045 
 
aValues sharing the same exponent are not significantly different using Fisher’s LSD test. 
Comparisons for statistical significance are applicable within strain only. 
 
Table 4.2. Living nymph total and average proportion of Harold Harlan- and pyrethroid- 
resistant, field-strain nymphs living relative to the total number of nymphs hatched two 
weeks after the application of insecticides to eggs. Female bed bugs were placed on filter 
paper by strain and were removed after 48 hours. Filter paper was treated directly with 
liquid insecticides. Treatments consisted of directly spraying eggs with distilled water 
(Control), Bedlam, Demand CS, Phantom SC, or Temprid SC. The number of eggs 
hatched and number of live vs. dead nymphs was evaluated two weeks after insecticide 
applications. Standard errors are given for each proportiona. 
 
Product  # Living Harlan strain # Living Field strain 
Control 195 1A ± 0 150 1A ± 0.09  
Bedlam 0 0D ± 0 121 0.99A ± 0.09 
Demand CS (0 hatched) 0D ± 0  0 0.00D ± 0.09 
Phantom SC 0 0D ± 0 6 0.07C ± 0.09 
Temprid SC (0 hatched) 0D ± 0 8 0.49B ± 0.09 
 
aValues sharing the same exponent are not significantly different using Fisher’s LSD test. 
Comparisons for statistical significance are applicable within strain only. 
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Figure 4.1. Average proportion of hatch rate and nymph survival of Harold Harlan-strain 
bed bug eggs when exposed to direct-spray applications. Female bed bugs were placed on 
filter paper by strain and were removed after 48 hours. Filter paper was treated directly 
with liquid insecticides. Treatments consisted of directly spraying eggs with distilled 
water (Control), Bedlam, Demand CS, Phantom SC, or Temprid SC. Egg hatch and 
nymph survival was evaluated two weeks after insecticide applications. 
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Figure 4.2. Average proportion of hatch rate and nymph survival of pyrethroid-resistant, 
field-strain bed bug eggs when exposed to direct-spray applications. Female bed bugs 
were placed on filter paper by strain and were removed after 48 hours. Filter paper was 
treated directly with liquid insecticides. Treatments consisted of directly spraying eggs 
with distilled water (Control), Bedlam, Demand CS, Phantom SC, or Temprid SC. Egg 
hatch and nymph survival was evaluated two weeks after insecticide applications. 
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CHAPTER FIVE 
REPELLENCY OF INSECTICIDES USED FOR BED BUG CONTROL 
Some insects are capable of detecting the presence of insecticides in the 
environment, and may respond by avoiding an insecticide after detection from some 
distance (repellency), or by leaving an area after an insecticide has been contacted 
(irritancy). Depending on the nature of the response, such reactions have the potential to 
increase or decrease insecticide exposure and consequent insecticide efficacy (Romero et 
al. 2009). Pyrethroids are some of the most commonly used bed bug insecticides, and 
their repellent effects have been studied in other medically important and household 
insects, including ants, cockroaches, kissing bugs, mosquitoes, and termites (Romero et 
al. 2009, Ebeling et al. 1966, Knight and Rust 1990, Su and Scheffran 1990, Diotaiuti et 
al. 2000, Chareonviriyaphap et al. 2004). Moore and Miller (2006) found that bed bugs 
were not repelled by chlorfenapyr or pyrethroids (bifenthrin, deltamethrin, permethrin, 
lambda-cyhalothrin). However, as noted by Romero et al. (2009), a heat source used in 
Moore and Miller (2006) may have taken precedence over repellency. Romero et al. 
(2009) examined the repellency of a pyrethroid (deltamethrin) and a pyrrole 
(chlorfenapyr) applied to bed bugs, and found that only deltamethrin was repellent. 
Romero (2010) evaluated chlorfenapyr again, and found the same results. To further 
investigate the repellent properties of bed bug insecticides, I chose to evaluate the 
repellency of four commonly used products: Demand CS® (Syngenta: Basel, 
Switzerland), Phantom SC® (BASF: Ludwigshafen, Germany), Transport Mikron® 
 86
(FMC Co., Philadelphia, PA), and Zenprox® (Wellmark International: Schaumburg, 
Illinois). Demand (at 0.03%) consisted of 9.7% lambda cyhalothrin and 90.3% other 
ingredients. Phantom (at 0.5%) consisted of 21.45% chlorfenapyr and 78.55% other 
ingredients. Transport (at 0.11%) included 5% acetamiprid, 6% bifenthrin, and 89% other 
ingredients. Zenprox (at 0.25%) consisted of 16.2% etofenprox, 64.8% piperonyl 
butoxide, and 19.0% other ingredients. Based on the findings by Romero et al. (2009, 
2010), I hypothesized that any products containing pyrethroids would produce a 
detectable level of repellency.  
Materials and Methods 
Trials consisted of examining the orientation of 10 bed bugs (five males, five 
females) in each (10 cm diameter x 2 cm height) petri dish arena (Fig. 5.1). Each arena 
was constructed by using a Dremel® (Robert Bosch Tool Corporation: Mount Prospect, 
IL) to drill one hole (approximately 5 mm in diameter) through each side of the base of 
the arena. Each hole was approximately 5 mm from the edge of the arena base. Each hole 
was sanded and wiped with a wet paper towel to ensure that the rim of each hole was 
flush with the remainder of the base. A small circle of white organza fabric (Mary Jo’s 
Cloth Store: Gastonia, NC) was then waxed over both holes from the bottom side of the 
dish. After being fastened in place, a small hole (~.5 mm diameter) was created in the 
center of each piece of fabric by inserting a number 2 insect pin. An Eppendorf 
(Eppendorf: Hamburg, Germany) pipette tip was then inserted to enlarge each hole (~1 
mm diameter) and ensure that the tip could be inserted for future insecticide application. 
This process was repeated for 100 total petri dishes. 
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All bed bugs were maintained at 26°C, ~40% RH, and a reversed 12L/12D 
photoperiod prior to treatments. Five hundred adult Harold Harlan-strain ( “Harlan 
strain”) and 500 adult pyrethorid-resistant, field-strain (“field strain”) bed bugs were fed 
to repletion (~30 minutes) on defibrinated rabbit blood (Hemostat Laboratories: Dixon, 
CA) using an artificial feeding system (see Appendix A). All bed bugs were fed five days 
before insecticide applications. The Harold Harlan strain is an insecticide-susceptible 
strain that has been maintained in colony for over 40 years. The pyrethroid-resistant, 
field-strain, or “Jersey city” strain is a moderately pyrethroid-resistant strain originally 
collected from Jersey City, NJ. Both strains were provided by North Carolina State 
University.  
Male bed bugs (one per hole) were placed into the holes of the previously 
described arenas by placing the bed bugs into the arena and then gently guiding the bed 
bugs into the hole. A small circular sticker, which previously had the center removed 
with a paper hole puncher, was then fitted with a piece of fabric that was slightly larger 
than the diameter of the arena hole. This sticker was then placed over the hole which 
housed the bed bug. This same procedure was repeated for the other hole within the dish. 
Each hole provided enough room to house a living bed bug while providing insecticide 
access through the use of an Eppendorf pipette inserted through the small hole in the 
bottom pieces of fabric. The mesh at the top of each hole permitted ventilation and the 
escape of any volatilized insecticides which may prove to be repellent. Compared to the 
otherwise smooth surface of the arena, each fabric/hole location provided a slightly 
rougher and a more suitable aggregation surface for the bed bugs. This design was 
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created to force bed bugs to choose one hole/treatment location over the other rather than 
distribute freely throughout the arena.  
Twenty-four hours after bed bugs were confined to holes created within the petri 
dish arena, one bed bug from each dish was treated by applying 2 µl of insecticide to the 
bed bug’s underside. The other bed bug confined within the arena was treated with 2 µl of 
distilled water. This was accomplished by inserting a small Eppendorf pipette tip into the 
hole in the fabric that was waxed to the bottom of each hole in the petri dish. Ten bed 
bugs were then placed into each arena. Their orientation was recorded at 1, 3, 6, 12, and 
24 hours, and once per day for a period of one week. Bed bugs were recorded as being on 
the treated or untreated side of the dish, which was designated by maintaining each arena 
on a piece of filter paper that had a single line drawn through the center. Proportions of 
least square means were calculated and compared for each product. The model used for 
the analysis included terms for product (d.f.= 4), treatment arena/dish*product (d.f.= 40), 
time (d.f.=10), and product*time (d.f.=40). Proportions were considered significantly 
different when p-values were less than α=0.05. All analyses were conducted using SAS 
9.3. Voucher specimens for the field strain are deposited in the Clemson University 
Arthropod Collection, and bear the label “Hinson dissertation, Chapter 5”. 
Results and Discussion 
Although only 2 µl of product was applied to a single bed bug per arena, the 
majority of Harlan-strain bed bugs died within 24 hours of exposure. This may have been 
due to contacting trace amounts of the insecticide through the fabric, or perhaps, through 
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insecticide volatilization. Compared to all other products, field-strain bed bugs exposed 
to the control treatment appeared to display orientation behavior throughout the duration 
of the trial which agreed with an expected even distribution (Fig. 5.2). Among all 
insecticides tested, Demand and Phantom were the only products to cause orientation 
behavior to differ significantly from the control (Table 5.1). Demand differed for a single 
time frame only (day seven) and produced negative chemotaxis, while Phantom, which 
differed at 12 hours, 2-3 days, and 5-7 days, produced positive chemotaxis. Although 
Transport and Demand never differed from the control, neither product matched an even 
distribution as well as the control. Based on this information, it is possible that additional 
replicates would reveal significant differences for other products and times. 
These findings demonstrate that a very small quantity of insecticide applied to a 
single bed bug can produce significant changes in bed bug harborage selection and 
orientation behavior. Limited information is available on the repellency of the tested 
products. Phantom SC and Demand CS have been shown to be non-repellent to bed bugs 
(Romero et al. 2010, Moore and Miller 2006), although, as previously stated, Moore and 
Miller (2006) tested repellency in the presence of a heat source, which may not be 
comparable to assays without host cues. Transport, which has not been specifically 
evaluated for repellency, contains the active ingredients acetamiprid (a neonicotinoid) 
and bifenthrin (a pyrethroid). No information could be located on the repellent properties 
of acetamiprid or other neonicotinoids in relation to bed bugs, though acetamiprid 
repellency has been documented among termites (Rust and Saran 2008, Smith et al. 
2008). Bed bug repellency to Transport’s second active ingredient, bifenthrin, was not 
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detected when examining Talstar One, which also contains bifenthrin (0.02%) (Moore 
and Miller 2006). No information was found on bed bug responses to Zenprox or any of 
its active ingredients. No information could be found on repellent behavior for any 
organism in response to piperonyl butoxide.  
Based on findings from previous studies, one might expect to see no repellency to 
any product, or perhaps repellency to pyrethroids only (Moore and Miller 2006, Potter et 
al. 2009, Potter et al 2010). Although it is tempting to assume that bed bugs are being 
attracted to or repelled by one or a variety of insecticide chemicals, one must consider the 
effects these insecticides may have on the treated insect itself. Bed bugs are known to 
produce alarm pheromones, and the application of an insecticide may result in release of 
this pheromone. Bed bug alarm pheromones are known to contain (E)-2-hexenal and (E)-
2-octenal in high proportions, as well as butanone, acetaldehyde, and some additional 
unidentified compounds in small quantities (Levinson et al. 1974). A study by Siljander 
et al. (2008) found that (E)-2-hexenal and (E)-2-octenal were the most abundant 
compounds found in headspace collections from bed bug colonies. These compounds 
were present in lower concentrations than those previously recorded to invoke an alarm 
response, suggesting that such chemicals could be multifunctional (Levinson et al. 1974, 
Siljander et al. 2008). It is currently believed that the aggregation pheromone of another 
heteropteran, the southern green stinkbug (Nezara viridula L.), is used as an alarm 
pheromone at higher concentrations (Lockwood and Story 1985). Depending upon the 
quantity or chemical nature of the insecticide used, bed bugs may release variable 
concentrations of these compounds. More concentrated releases of such compounds that 
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initially served as alarm (dispersal) pheromones may ultimately break down or dissipate, 
producing aggregation (attraction) pheromones. 
All studies to date have examined insecticide repellency on surfaces that either 
have or have not been exposed to bed bugs. It is important to consider that the findings 
presented here are not the result of such repellency studies, but are the result of an 
interaction between bed bugs and products. Given that bed bug alarm pheromone release 
in response to direct treatment with insecticides remains unknown, it is possible that the 
current study and surface-repellency assays share little in common. It is easy to conceive 
of a non-repellent chemical inducing a strong alarm response when applied to a bed bug. 
For this reason, these findings may be more relevant to field conditions in which bed 
bugs have been sprayed while in a harborage. The amount of alarm pheromone released 
in response to an insecticide application may determine whether other bed bugs are 
willing to enter and remain at such sites.  
Future researchers may wish to conduct laboratory assays that consist of applying 
an insecticide to a surface occupied by bed bugs. If bed bugs do not immediately flee 
from the surface, they may then be removed through the use of a mildly aversive 
stimulus, such as bright light. A surface containing no bed bugs could then be exposed to 
the same treatment as a control. Bed bug orientation could then be examined by recording 
the proportion of bed bugs on surfaces that did or did not contain bed bugs during 
insecticide applications.    
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Figure 5.1. Repellency arena used to evaluate the orientation of pyrethroid-resistant, 
field-strain bed bugs in relation to an insecticide-treated bed bug. One bed bug was 
treated with 2 µl of distilled water or an insecticide (Demand CS, Zenprox EC, Transport 
Mikron, or Phantom SC) per dish. The orientation of 10 untreated bed bugs within the 
arena was determined over a one-week period. Orientation was defined as the proportion 
of bed bugs on the treated vs. untreated side of the container. 
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Figure 5.2. Proportion of pyrethroid-resistant, field-strain bed bugs orienting toward or away from a bed bug treated 
with an insecticide, expressed as proportion of bed bugs deviating from an expected even distribution. Positive values 
indicate attraction, while negative values indicate repellency. One bed bug was treated with 2 µl of distilled water or an 
insecticide (Demand CS, Zenprox EC, Transport Mikron, or Phantom SC) per dish. The orientation of 10 untreated bed 
bugs within the arena was determined over a one-week period. Orientation was defined as the proportion of bed bugs 
on the treated vs. untreated side of the arena.
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Table 5.1. Repellency expressed as proportion of bed bugs deviating from an expected 
even distribution. Positive values indicate attraction, while negative values indicate 
repellency. One bed bug was treated with 2 µl of distilled water or an insecticide 
(Demand CS, Zenprox EC, Transport Mikron, or Phantom SC) per dish. The orientation 
of 10 untreated bed bugs within the arena was determined over a one-week period. 
Orientation was defined as the proportion of bed bugs on the treated vs. untreated side of 
the arenaa. 
 
Time Control Demand Zenprox Transport Phantom 
 
1 hour 
 
-0.04A 
 
-0.06A 
 
0A 
 
0.17A 
 
-0.07A 
 
3 hours 
 
-0.04A 
 
-0.11A 
 
0.08A 
 
0.07A 
 
-0.01A 
 
6 hours 
 
0A  
 
-0.17A 
 
0A 
 
0.07A 
 
0.08A 
 
12 hours 
 
-0.08A 
 
-0.15A 
 
0.01A 
 
0.056A 
 
0.18B 
 
1 day 
 
-0.02A 
 
-0.20A 
  
-0.04A 
 
0.20A 
 
0.18 
 
2 days 
 
-0.043A 
 
-0.20A 
 
-0.07A 
 
0.05A 
 
0.22B 
 
3 days 
 
-0.007A 
 
-0.168A 
 
-0.18A 
 
0.081A 
 
0.295B 
 
4 days 
 
0.015A 
 
-0.199A 
 
-0.206A 
 
0.133A 
 
0.246B 
 
5 days 
 
-0.034A 
 
-0.205A 
 
-0.197A 
 
0.125A 
 
0.281B 
 
6 days 
 
-0.063A 
 
-0.246A 
 
-0.178A 
 
0.124A 
 
0.258B 
 
7 days 
 
-0.036A 
 
-0.265B 
 
-0.173A 
 
0.003A 
 
0.274 C 
 
aValues sharing the same alphabetic exponents are not significantly different using 
Fisher’s LSD test. Comparisons for statistical significance are applicable within each 
time block.  
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CHAPTER SIX 
AIRBORNE BED BUG SEX PHEROMONES 
Many insects are known to use sex pheromones to locate mates. These 
pheromones have been used as monitoring and trapping tools for various insect pests, 
including many Coleoptera, Diptera, Hemiptera, Lepidoptera, and other orders containing 
economically important species (Jacobson 1972). Bed bugs are known to produce and 
respond to a wide variety of chemical stimuli, including CO2, host odors, and aggregation 
pheromones (Weeks et al. 2010). Heat and CO2 have been used singularly or in 
conjunction in various monitoring devices, and there is hope that aggregation 
pheromones may be incorporated into such devices to improve detection rates for low- 
level populations (Haynes and Potter 2013). Though the existence of sex pheromones has 
not been documented among bed bugs, behavioral assays which suggest their existence 
could ultimately lead to further investigation of their chemical makeup. A behavioral 
assay was therefore conducted to determine whether male bugs selectively oriented 
toward female bed bugs based on chemical cues. Although the identification of a sex 
pheromone would be highly useful, I hypothesized that male bed bugs would not orient 
preferentially toward female bed bugs.  
Materials and Methods 
All bed bugs were maintained at 26°C, ~40% RH, and a reversed 12L/12D 
photoperiod prior to behavioral assays. Eighty Harold Harlan- (“Harlan-strain bed bugs”) 
and 80 pyrethroid-resistant, field-strain bed bugs (“field-strain bed bugs”) were placed 
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into glass jars by strain and fed for ~30 minutes on defribinated rabbit blood (Hemostat 
Laboratories: Dixon, CA) using an artificial feeding system (detailed in Appendix A). 
The Harold Harlan strain is an insecticide-susceptible strain that has been maintained in 
colony for over 40 years. The pyrethroid-resistant field-strain, or “Jersey city” strain is a 
moderately pyrethroid-resistant strain originally collected from Jersey City, NJ. Both 
strains were provided by North Carolina State University. Adults of both strains that were 
examined were raised from fifth-instar nymphs. Fifth instars were sorted into individual 
vials 24 hours after feeding. Each vial was capped with a white organza fabric (Mary Jo’s 
Cloth Store: Gastonia, NC) top and supplied with a small strip of envelope paper to 
provide a molting surface for each bug. Approximately one week after feeding, after all 
nymphs had molted to the adult stage, all bed bugs were removed from individual vials 
and sorted into a total of 8 vials (~20 per vial) based on sex and strain. All bed bugs were 
fed within these vials after approximately 48 hours. Orientation behavior assays were 
then conducted five days after feeding. 
Behavioral assays were conducted in an arena that consisted of a large, plastic 
petri dish (Tri-State Plastics Inc.) measuring ~15.5 cm in diameter by 4.2 cm in height 
(Fig 6.1). A ~6 cm diameter hole was drilled through the top of the petri dish so that bed 
bugs could be quickly placed into the arena prior to each assay. Each dish also had four, 
equidistant, ~0.5 cm diameter holes drilled through the dish’s base, along with a white 
organza fabric (Mary Jo’s Cloth Store: Gastonia, NC) platform for bed bugs to walk over. 
Each hole was located in the center of each quadrant of the dish, with each quadrant 
being of one of four “pie slices” of the entire petri dish arena. One vial containing a small 
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strip of envelope paper was placed beneath each drilled hole for each behavioral assay, 
creating a four-legged stand for the arena. Each vial was surrounded with aluminum foil 
to eliminate mate location through visual cues. The top of each vial was covered with a 
thin layer of medical gauze, which prevented bed bugs from viewing potential mates 
while allowing air flow and potential semiochemicals to move from the vial and into the 
plastic arena.  
Each behavioral assay presented male bug bugs with one of three choices, 
consisting of either (A) no bed bugs in any of the four vials, (B) 10 males in one of the 
four vials, or (C) 10 females in one of the four vials. A total of 32 individual behavioral 
assays were conducted for each of three total replicates. Sixteen of the assays of each 
replicate involved Harlan-strain bed bugs, while sixteen involved field-strain bed bugs. 
For each bed bug strain, eight assays consisted of controls, while four assays involved 
vials containing 10 males, and four assays involved vials containing 10 females. Vials 
containing 10 males or 10 females were placed in each of the four quadrants once to 
control for any orientation bias produced by the surrounding environment.   
Each behavioral assay was conducted in a room that was illuminated from above 
using a red 25 w GE (General Electric: Fairfield, Connecticut) light bulb. Although bed 
bugs avoid full spectrum or incandescent lighting, red light has been shown to have no 
photonegative effects on bed bug behavior (Weeks 2010). The light was suspended 
approximately 1 m above the testing arena. Bed bug orientation was recorded using a 
JVC (JVC: Yokohama, Japan) Hard Disk Camcorder (model GZ-MG360BU) that had 
been secured to a chemistry clamp-stand. Roughly one hour prior to assays, male bed 
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bugs were sorted individually into test tubes and were maintained in total darkness. Male 
bed bugs were introduced into the arena by inverting the arena and placing the 
(previously) upper side of the arena bottom against the top of the test tube. While holding 
the tube and arena firmly in place against one another, both were then flipped, returning 
the arena to its original position while inverting the test tube and depositing the bed bug 
on the arena floor. The test tube was then held in place for 30 seconds to allow the bed 
bug to recover from the activity. The room was quickly exited once the tube was 
removed. The location of the male was then recorded as being in one of four quadrants 
(upper left, upper right, lower left, or lower right) every 15 seconds for a total of five 
minutes. Any area within two cm of the outer edge of the inverted test tube was 
designated as a “zone of neutrality”, and was considered to be a lack of choice for any of 
the four quadrants. The arena was washed with EtOH followed by water for each trial to 
remove any traces of bed bug odors. The fabric platform within the arena was also 
replaced. Any trials involving the orientation of males toward 10 males or 10 females 
required that each group of 10 be placed in new vials with new gauze tops and envelope 
paper. This was intended to avoid any possibility of aggregation pheromones building up 
within vials over the course of the assays. The orientation behavior of males toward one 
of four empty containers served as the control to detect orientation bias in the 
experimental design. The orientation behavior of males toward one of four vials 
containing either nothing, 10 males, or 10 females, was then compared. Males spending a 
larger proportion of time in quadrants occupied by females than males would suggest that 
males are capable of detecting the presence of females using chemical cues. Orientation 
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behavior of male bed bugs was analyzed using a linear model that included terms for 
strain, treatment, sex, and time. Results were analyzed using ANOVA followed by 
Fisher’s LSD tests to make comparisons among treat*sex combinations and 
treatment*sex combinations within strains. Results were considered significantly 
different when p-values were less than α=0.05. All analyses were conducted using SAS 
9.3. Voucher specimens for both strains are deposited in the Clemson University 
Arthropod Collection, and bear the label “Hinson dissertation, Chapter 6”. 
Results and Discussion 
When combining strains, male bed bugs oriented more toward females 
(proportion=0.1944) than males (proportion=0.121) or the control (proportion=0.105) at 
α=0.10 (Table 6.1, Figure 6.2). When examined by strain, male bed bugs of both strains 
(field-strain proportion=0.210, Harlan-strain proportion=0.179) oriented toward females 
more than all other strain, treatment, and sex combinations in terms of proportions, 
although orientation toward females did not differ when compared to all other treatments 
(Table 6.2, Figure 6.3). Male orientation towards females differed from Harlan control 
and Harlan orientation toward males at α=0.10 (Table 6.3, Figure 6.4). Disregarding 
strain and sex, male bed bugs spent more time orienting toward other bed bugs 
(proportion=0.158) than the control (proportion=0.105) at p=0.08 and α=0.10 (Table 6.3, 
Figure 6.4). Field-strain bed bugs spent more time orienting toward other bed bugs 
(proportion=0.159) than Harlan-strain bugs (proportion=0.104) at p=0.069 and α=0.10 
(Table 6.4, Figure 6.5). Considering that Harlan-strain bed bugs have been established as 
a laboratory strain for over 40 years, one could reasonably predict that the ability to emit, 
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detect, or respond to semiochemicals, and/or sex pheromones, would diminish over 
generations in such a confined environment.  
Male bed bugs were not shown to orient toward females at α=0.05. Nonetheless, 
orientation trends were similar to the theoretical predictions one would make if males 
were responding to airborne semiochemicals released by females, and many of these 
values actually approached significance at α=0.05 , and would be statistically different 
using α=0.10. The higher overall level of orientation of male bed bugs towards other bed 
bugs compared to the control suggests the possibility of one or several semiochemicals. 
Such semiochemicals are known to occur in bed bugs, and have been detected through 
bioassays using similar arenas and bed bug exposed filter paper (Weeks 2010). Although 
males may be releasing aggregation pheromones, most of this orientation is directed 
toward females, as shown in Table 6.1 and Figure 6.2. When separated by strain, both 
Harlan- and field-strain male bed bugs displayed the highest proportion of orientation 
among all treatments, though these proportions failed to differ from resistant male 
orientation toward other males.  
While it is tempting to conclude that sex pheromones may be involved in mate 
location, a number of alternative explanations warrant discussion. Even if it can be 
demonstrated that males preferentially orient toward females, the underlying chemistry of 
this attraction cannot be explored through a behavioral assay. It is possible that females 
simply release more aggregation pheromones than males. If additional research shows 
similar or stronger relationships which demonstrate that males can be lured to some 
unknown female characteristic, it may be feasible to quantify and compare levels of male 
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and female aggregation pheromones while searching for molecules which are 
biochemically unique to females. Such molecules would be particularly interesting to 
researchers if no sex-based differences could be found relating to aggregation pheromone 
concentration. Future researchers may wish to expand upon this experiment by including 
additional replicates. Due to the need to restrict such assays to periods of peak bed bug 
activity, each strain*treatment*sex combination could only be examined four times for 
each of the total trials. An experiment using several additional trials, and therefore a more 
robust data set, may alter p-values to the extent that significant differences can be 
detected using the more traditional alpha value of 0.05. 
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Figure 6.1. Arena used to assess orientation behavior of adult, male Harold Harlan- and 
pyrethroid-resistant bed bugs toward controls (no bed bugs), males (10 males), and 
females (10 females). Male orientation behavior was recorded by placing males in test 
tubes and inverting test tubes over behavioral arenas. Males were recorded as being in 
one of four sections of the arena every 15 seconds for five minutes. The four vials 
consisted of three possible treatments; three empty vials and one vial with 10 females, 
three empty vials and one vial with 10 males, or four empty vials. Males walked over a 
thin layer of organza fabric within the arena. The fabric has been removed to increase 
transparency of the objects beneath the arena. 
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Figure 6.2. Proportion of time intervals that male bed bugs spent orienting toward 
controls, male, and female bed bugs in a behavioral arena. Strains have been combined. 
Proportions sum to less than one due to time spent in the zone of neutrality. 
 
  
Figure 6.3. Proportion of time intervals that male Harold Harlan-and pyrethroid- 
resistant, field-strain bed bugs oriented toward Harlan-and field-strain controls, male, and 
female bed bugs in a behavioral arena. HH designates “Harlan strain”, R designates “field 
strain”. Proportions sum to less than one due to time spent in the zone of neutrality. 
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Figure 6.4. Proportion of time intervals that male bed bugs orientated towards control 
(no bed bugs) and bed bugs in a behavioral arena. Strains have been combined. 
Proportions sum to less than one due to time spent in the zone of neutrality.  
 
    
Figure 6.5. Proportion of time intervals that male Harold Harlan- and male pyrethroid-
resistant, field-strain bed bugs oriented toward other bed bugs in a behavioral arena. HH 
designates “Harlan strain”, R designates “field strain”. Proportions sum to less than one 
due to time spent in the zone of neutrality. 
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Table 6.1. Proportion of time intervals (designated “estimate”) that male bed bugs spent 
orienting toward controls, male, and female bed bugs [Sex (Treatment) least square 
means (alpha=0.10)] in a behavioral arena. Strains have been combined. Standard error, 
degrees of freedom, and t-values are given for each. Proportions sum to less than one due 
to time spent in the zone of neutralitya.  
 
Treatment Sex Estimate Std. error DF t-value 
Control - 0.105B 0.055 88 1.90 
Bed bugs Female 0.194A 0.059 88 3.28 
Bed bugs Male 0.121B 0.059 88 2.04 
 
aLS-means with the same letter are not significantly different. 
 
 
 
 
Table 6.2. Proportion of time intervals that male bed bugs oriented toward Harlan- and 
field-strain control, male, and female bed bugs [Strain*Sex (Treatment) least square 
means (alpha=0.10)] in a behavioral arena. Standard error, degrees of freedom, t- and p-
values are given for each. HH designates “Harlan strain”, R designates “field strain”. 
Proportions sum to less than one due to time spent in the zone of neutralitya. 
 
Strain Treatment Sex Estimate Std. error DF t-value Pr > t 
HH Control - 0.085B 0.059 88 1.44 0.153 
R Control - 0.125B 0.059 88 2.11 0.038 
HH Experiment Female 0.179A 0.066 88 2.70 0.008 
HH Experiment Male 0.067B 0.066 88 1.02 0.311 
R Experiment Female 0.210A 0.066 88 3.18 0.002 
R Experiment Male 0.175A 0.066 88 2.64 0.01 
 
aLS-means with the same letter are not significantly different. 
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Table 6.3. Proportion of time intervals that male bed bugs orientated toward control (no 
bed bugs) and bed bugs [Treatment least square means (alpha =0.10)] in a behavioral 
arena. Standard error, degrees of freedom, t- and p-values are given for each. Strains have 
been combined. Proportions sum to less than one due to time spent in the zone of 
neutralitya.  
 
Treatment   Estimate Std. error DF t-value Pr >t 
Control 0.105A 0.055 88 1.90 0.061 
Experiment 0.158B 0.055 88 2.85 0.006 
 
aLS-means with the same letters are not significantly different. 
 
 
 
 
Table 6.4. Proportion of time intervals that male Harold Harlan- and male pyrethroid-
resistant, field-strain bed bugs oriented toward other bed bugs [Strain least square means 
(Aplha=.10)] in a behavioral arena. Standard error, degrees of freedom, t- and p-values 
are given for each. HH designates “Harlan strain”, R designates “field strain”. 
Proportions sum to less than one due to time spent in the zone of neutralitya. 
 
Strain Estimate Std. error DF t-value Pr >t 
HH 0.104A 0.055 88 1.88 0.063 
R 0.159B 0.055 88 2.87 0.005 
 
aLS-means with the same letters are not significantly different. 
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CHAPTER SEVEN 
 
FECUNDITY OF FEMALE BED BUGS BASED ON NOURISHMENT STATUS OF 
THEIR MALE MATE 
Bed bug reproduction is closely linked to feeding (Reinhardt and Siva-Jothy 
2007), as evidenced by male bed bug preference for recently blood-fed females (Cragg 
1920, Mellanby 1939a, Siva-Jothy 2006, Stutt and Siva-Jothy 2001), and the female’s 
inability to produce viable eggs without a blood meal (Usinger 1966). Understanding the 
link between reproduction and feeding can have important implications for understanding 
the dynamics of bed bug infestations, particularly regarding continued reproduction in the 
absence of a host. Saenz et al. (2012) demonstrated that bed bug infestations often begin 
with a single mated female and/or her progeny, or a female mated with multiple closely 
related males. In the event that a female bed bug is introduced to an environment as a 
nymph or virgin female, the presence of an additional, virile male bug would determine 
whether the eventual development of an infestation is possible. Males in such 
environments may be survivors of previously treated and/or vacated rooms, or those that 
have simply wandered from the host. Although such males may be deprived of nutrition, 
the impact of their feeding status on female fecundity, and ultimately population 
establishment and growth, remains poorly known. To address this question, I have 
examined female fecundity based on male feedings status. I hypothesized that male 
feeding status would have an effect on female fecundity. 
 108
Materials and Methods 
All bed bugs were maintained at 26°C, ~40% RH, and a reversed 12L/12D 
photoperiod before and throughout the study. Using an artificial feeding system (detailed 
in Appendix A), 250 pyrethroid-resistant, field-strain nymphs (referred to as male and 
female stock) were fed defribinated rabbit blood (Hemostat Laboratories: Dixon, CA) 
until repletion (~30 minutes). The pyrethroid-resistant field strain, or “Jersey city” strain 
is a moderately pyrethroid-resistant strain originally collected from Jersey City, NJ, and 
provided by North Carolina State University. All nymphs were sorted into individual 
vials three days post-feeding, and ultimately molted at 5-6 days post-feeding. At one 
week post-feeding, all males were placed into one male-only jar, and all females were 
placed into one female-only jar. All males were fed as a group and were returned to 
individual vials the following day. Any males that did not appear to feed were removed 
from the experiment. Three days after feeding, 30 adult females were removed from the 
females-only jar and were fed as a group, within a glass vial, for approximately 30 
minutes. Any females that did not appear to feed were removed from the experiment.  
Male bed bugs were placed into categories based on feeding status. Males were 
not mated immediately after feeding, as their distended abdomens probably would have 
rendered them incapable of mating. As bed bugs are reported to feed at roughly one week 
intervals (Siva-Jothy 2006, Usinger 1966), males that had fed three days prior to mating 
were classified as well-fed. Those that had fed 10 days prior were classified as slightly 
starved, and those that were fed 17 days prior were classified as severely starved. Male 
bed bugs were deprived of blood for 10 days to go one week beyond the initial three day 
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category, and were deprived of blood for 17 days to go two weeks beyond the initial three 
day category to test Mellanby’s (1939a) claim of male mating behavior after two weeks 
of starvation. Mating was induced by removing individual, recently fed (within 30 
minutes-2 hours) females from the females-only jar and placing them on a piece of paper 
within a small petri dish. An individual male was then gently removed from a vial with a 
paintbrush and placed within the same dish. Mating duration was recorded in seconds. 
Mating typically began within one minute and lasted for one to several minutes. After the 
completion of mating, individual females were transferred to 59 ml condiment cups. The 
center of each condiment cup lid had been previously removed and replaced with a small 
piece of white organza fabric (Mary Jo’s Cloth Store: Gastonia, NC) to provide adequate 
ventilation. The condiment cup was also supplied with a small piece of folded envelope 
paper (4 cm by 2 cm) to provide harborage and oviposition sites for each female. The 
same procedures used to evaluate the fecundity of 20 female bed bugs based on mating 
with males that had fed three days prior was used to evaluate 20 females that were mated 
with males that had fed 10 and 17 days prior. All females were maintained within 
condiment cups for approximately five months after mating. All unhatched eggs, nymphs, 
and females were dead within this period. The number of eggs and nymphs produced per 
female, per male starvation period, was recorded. Means were compared using t-tests 
(LSD) at α=0.05. Voucher specimens for the field strain are deposited in the Clemson 
University Arthropod Collection, and bear the label “Hinson dissertation, Chapter 7”. 
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Results and Discussion 
There was no significant difference in number of eggs produced per female based 
on male nourishment status (Table 7.1, Figure 7.1). There was no so significant 
difference in number of nymphs produced per female based on male nourishment status 
(Table 7.1, Figure 7.2), nor in proportion of nymphs hatched relative to the number of 
eggs laid (Table 7.1, Figure 7.3). There was a significant difference in mating duration 
based on male feeding status (Table 7.1, Figure 7.4). 
The fact that all male bed bugs deprived of blood for 17 days not only readily 
mated, but produced as many offspring as those deprived of blood for three days, is 
noteworthy, as Mellanby (1939a) found that not one of 300 male bed bugs copulated if 
starved longer than two weeks. Although there were no significant differences in the 
number of eggs, nymphs, or proportion of nymphs hatched per female based on male 
mating status, the finding that females produce 11-12 nymphs from a single blood meal 
indicates how easily a single, unnoticed female can develop into a small infestation. That 
male feeding status appears to have no effect on female fecundity indicates that poorly-
nourished males are still capable of contributing to infestation levels. These findings may 
have implications for low level infestations and/or areas where hosts are sporadically 
available (e.g. a couch that is occasionally slept on or a bedroom that is infrequently 
used). That male bed bugs increase mating duration in response to starvation is difficult 
to definitively explain, although this may be due to general lethargy resulting from 
malnourishment, or from prolonged transfer of sperm due to lower body-water content. 
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Figure 7.1. Comparisons of average egg production of pyrethroid-resistant, field-strain 
females, per female, based on females mating with males that were starved of blood for 
three days, 10 days, and 17 days. Female nourishment status was consistent (fed within 
two hours) for all treatments. 
 
   
Figure 7.2. Comparisons of average nymph production of pyrethroid-resistant, field-
strain females, per female, based on females mating with males that were starved of 
blood for three days, 10 days, and 17 days. Female nourishment status was consistent 
(fed within two hours) for all treatments. 
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Figure 7.3. Comparisons of average proportions of eggs hatched from pyrethroid-
resistant, field-strain females, per female, based on females mating with males that were 
starved of blood for three days, 10 days, and 17 days. Female nourishment status was 
consistent (fed within two hours) for all treatments. 
 
 
Figure 7.4. Comparisons of average mating duration of pyrethroid-resistant, field-strain 
females, per female, based on females mating with males that were starved of blood for 
three days, 10 days, and 17 days. Female nourishment status was consistent (fed within 
two hours) for all treatments. 
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Table 7.1. Comparisons of average mating duration, egg and nymph production, and 
hatch rate of pyrethroid-resistant, field-strain bed bugs based on females mating with 
males that were starved of blood for three days, 10 days, and 17days. Comparisons are 
made across blood deprivation columns only. Standard errors for each blood deprivation 
status are given for each of the four variables examineda.            
 
Variable examined Blood deprived (3) Blood deprived (10) Blood deprived (17) 
Mating duration 61.15A ± 6.945 94.20B ± 6.945 116.1C ± 6.945 
Egg production 11.70A ± 0.706 11.85A ± 0.706 11.70A ± 0.706 
Nymph production 10.9A ± 0.746  11.7A ± 0.746 11.4A ± 0.746 
Proportion hatched 0.921A ± 0.038 0.937A ± 0.038 0.977A ± 0.038 
 
aValues with the same exponent are not significantly different at α=0.05 
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CHAPTER EIGHT 
COMPARISONS OF THE ABILITY OF TENERAL AND SCLEROTIZED ADULT 
BED BUGS TO CLIMB A GLASS SURFACE 
Due to their lack of wings and inability to fly, bed bugs infestations are a result of 
hitchhiking on hosts or host items, as well as active dispersal via crawling (Wang et al. 
2010). The ability of bed bugs to navigate their environment through active dispersal has 
been poorly documented, particularly regarding their ability to navigate smooth, vertical 
surfaces. A lack of information on the ability of bed bugs to climb smooth surfaces may 
have implications for the development of bed bug barriers, interception devices, 
laboratory safety, and even the growing field of biomimetic based-adhesives. 
While working with bed bug colonies in a laboratory setting, I observed that late-
instar and adult bed bugs were often capable of climbing the sides of a recently washed 
and dried, smooth metal pan. Although present in low numbers, teneral adult bed bugs 
appeared to be more adept at climbing the sides of the container, to the extent that all 
teneral adults were placed in capped glass vials to prevent escapees from infesting the 
laboratory. Teneral adults continued to climb with similar proficiency when placed in 
vials. These observations warranted the assessment of teneral and sclerotized adult bed 
bug climbing ability on a glass surface. I hypothesized that teneral bed bugs would climb 
to greater heights more frequently than sclerotized bed bugs.         
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Materials and Methods 
All bed bugs were maintained at 26°C, ~40% RH, and a reversed 12L/12D 
photoperiod before and throughout the study. Fifth-instar nymphs and adults of a 
pyrethroid-resistant, field strain were housed and fed in 8 dram vials. The pyrethroid-
resistant field-strain, or “Jersey city” strain is a moderately pyrethroid-resistant strain 
originally collected from Jersey City, NJ, and provided by North Carolina State 
University. Prior to introduction of nymphs and adults, all vials were washed with warm, 
soapy water, dried with paper towels, and supplied with one strip of 1 cm x 0.5 cm 
manila envelope paper for harborage. Twenty, fifth-instar nymphs were housed in each of 
six vials, and twenty adults were housed in each of six vials. All vials were fitted with 
white organza fabric tops secured with rubber bands. All bed bugs were allowed to feed 
to repletion on defribinated rabbit blood (Hemostat Laboratories: Dixon, CA) by 
exposing vials containing bed bugs to an artificial feeding system (detailed in Appendix 
A) for ~30 minutes.  
Most bed bugs eclosed between ~132-144 hours post-feeding. Using a small 
paintbrush, 10 bed bugs were transferred to an eight dram vial, which had been 
previously washed with warm, soapy water and dried with paper towels. This vial bore a 
transparent sticker-ruler spanning the height of the vial. This ruler ranged 0-7 cm from 
the vial’s base to top. Once 10 bed bugs had been transferred to the vial, bed bug 
climbing heights were recorded for a total of 20 minutes and 10 seconds. After the first 
10 minutes of recording, vials were lightly swirled by hand for 10 seconds to re-induce 
activity and climbing behavior. Climbing heights were then recorded for an additional 10 
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minutes. Climbing heights were recorded and designated as the highest point reached by 
the anterior margin of the head before bed bugs fell to the bottom of the vial. Frequencies 
of each climbing height reached were also recorded. Bed bugs frequently climbed on the 
backs of others while attempting to scale the inner surface of the vial, reaching a height 
of ~1 cm, therefore, all heights 1 cm or less were disregarded from analysis.  
A total of six climbing trials were performed for each replicate. Beginning with 
teneral adult bed bugs, (referred to as T), the first half of each replicate alternated 
between trials using T and sclerotized adult bed bugs (referred to as S1). Therefore, the 
first half of each replicate consisted of six trials in the order of T, S1, T, S1, T, and S1. 
Vials were washed with warm, soapy water and were dried between each ~20 minute, 10 
second trial. The second half of each replicate was conducted approximately 48 hours 
later. Bed bugs previously referred to as T were then designated as recently sclerotized 
(referred to as RS). All bed bugs previously referred to as S1 were then designated as S2. 
Using the materials and methods previously described, climbing abilities of RS and S2 
were recorded. All trials and replicates were recorded using a JVC (JVC: Yokohama, 
Japan) Hard Disk Camcorder (model GZ-MG360BU). Each of the 10 bed bugs per vial 
was used to calculate four descriptive statistics of interest: minimum, average, maximum, 
and sum. For each statistic, an ANOVA model was developed to include an effect for 
treatment and trial. The model was analyzed to determine significance of treatment for 
any of the four characteristics. All analyses were conducted using SAS 9.3. Voucher 
specimens for the field strain are deposited in the Clemson University Arthropod 
Collection, and bear the label “Hinson dissertation, Chapter 8”. 
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Results and Discussion 
Frequencies of climbing heights were totaled for all three replicates, and are 
displayed for T and S1 (Figure 8.1), and RS and S2 (Figure 8.2). Total height climbed for 
all three replicates is presented for T, S1, RS, and S2 (Figure 8.3).  
Results from ANOVA examining differences in minimum height, average height, 
maximum height, and cumulative height for T, S1, RS, and S2 are located in Table 8.1. 
Averages of minimum height, average height, maximum height, cumulative sums, and 
comparisons of significant differences among molting status are located in Table 8.2. 
Comparisons between average minimum values were not significantly different (α=0.05, 
p-value=0.587) (Table 8.1 and 8.2). Differences between average height approached 
statistical significance when comparing average values for RS and T (α=0.05, p-
value=0.093) (Table 8.1 and 8.2). Average maximum values were significantly different 
for T compared to S1, RS, and S2 (α=0.05, p-value=0.008) (Table 8.1 and 8.2). 
Comparisons between cumulative heights were also significantly different for T 
compared to S1, RS, and S2 (α=0.05, p-value=0.006) (Table 8.1 and 8.2). 
Teneral bed bugs differed significantly in maximum and cumulative height 
climbed, and approached significance for average height climbed when compared to 
sclerotized bed bugs. As RS performed similarly to S1 and S2, sclerotization status, or an 
alternate feature of having recently molted, appears to provide teneral bed bugs with 
superior climbing abilities. Although bed bugs lack an arolium, and are therefore 
generally inefficient climbers, teneral bed bugs may possess softer and more pliable tarsi. 
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This feature, combined with residual molting fluid, may lend an adhesive property to the 
tarsi of teneral bed bugs.  
Behavioral differences between teneral and sclerotized bed bugs may have 
contributed to differences in climbing values, as it is possible that teneral bed bugs 
engaged in more climbing attempts than sclerotized bed bugs. Nonetheless, the ability of 
sclerotized bed bugs to climb glass, and the tendency for teneral bed bugs to climb to 
greater heights, suggests that caution needs to be taken when working with bed bugs in an 
open environment, or designing experiments that house bed bugs in seemingly 
inescapable containers, particularly if repellency testing is involved. These findings may 
also have implications for the design of intercept traps and bed bug monitors. If particular 
product designs are intended to retain bed bugs within a container or prevent bed bugs 
from crossing a certain barrier, such products may not be entirely effective if they are 
based on the idea that bed bugs are incapable of scaling smooth surfaces. An image 
presented at the 8th International Conference on Urban Pests showed an intercept trap 
containing many exuviae, but few bed bugs. Bed bugs found in such devices may have 
escaped as teneral adults (Rick Cooper, personal communication).  
No record of this phenomenon could be located for any group of arthropod. These 
findings potentially extend to other taxa of economic importance. Future studies may 
wish to investigate whether this phenomenon is present across juvenile stages or differs 
based on sex. Additional studies may wish to thoroughly examine the qualities of teneral 
bed bug tarsi to determine the physical or chemical factors that contribute to these 
findings.
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Figure 8.1. Frequencies of height climbed within a glass vial in cm for sclerotized adult bed bugs (S1) and teneral adult bed 
bugs (T) totaled across all replicates. Each climbing trial was conducted for a 20 minute period. Teneral bed bugs were capable 
of climbing to heights that were rarely reached by sclerotized bed bugs. Teneral bed bugs were also capable of climbing to 
lower heights more frequently. 
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Figure 8.2. Frequencies of height climbed within a glass vial in cm for sclerotized adult bed bugs (S2) and recently sclerotized 
adult bed bugs (RS) totaled across all replicates. Each climbing trial was conducted for a 20 minute period. Once teneral (T) 
bed bugs became sclerotized (RS) after a 48 hour period, RS bed bugs climbed to heights similar to other sclerotized groups 
(S1, S2). 
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Figure 8.3. All climbing events totaled for each treatment [Teneral, or “T”, sclerotized 
first group, or “S1”, recently sclerotized, or “RS”, and sclerotized second group, or “S2”] 
to compare cumulative height climbed in cm per treatment. All climbing events 
(measured in cm) occurred within a glass vial. 
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Table 8.1. ANOVA output for cumulative sum and averages of minimum height, average 
height, and maximum height climbed by adult, pyrethroid-resistant bed bugs in a glass 
vial. Degrees of freedom, sum of squares, mean squares, f-values, and p-values are listed 
for minimum, average, maximum, and cumulative sums. Heights climbed were recorded 
in cm for T (teneral bed bugs), S1 (sclerotized bed bugs, first group), RS (recently 
sclerotized bed bugs), and S2 (sclerotized bed bugs, second group) for all three replicates. 
 
Treatment Df Sum sq Mean sq F value P Significance 
minimum 3 0.031 0.01 0.70 0.587  
average 3 0.973 0.324 3.42 0.093  
maximum 3 14.555 4.852 10.57 0.008 ** 
cumul. sum 3 8499.107 2833.0356 11.88 0.006 ** 
 
 
 
Table 8.2. Cumulative sum and averages of minimum height, average height, and 
maximum height climbed in a glass vial, in cm, for T (teneral bed bugs), S1 (sclerotized 
bed bugs, first group), RS (recently sclerotized bed bugs), and S2 (sclerotized bed bugs, 
second group) for all three replicatesa.  
 
Molting status Minimum Average Maximum cumul. sum 
T 1.022A 2.089AB 4.689A 650.8A 
S1 1.044A 1.501AB 2.422B 104.6B 
RS 1.156A 1.352B 1.733B 82B 
S2 1.067A 1.482AB 2.644B 107.8B 
aLS means with the same letter are not significantly different. 
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CHAPTER NINE 
SUMMARY AND RESEARCH APPLICATIONS 
That bed bugs are now common and widespread is in an unfortunate reality 
viewed by the general public as an unusual circumstance, even though bed bug history is 
rife with stories illustrating the prevalence of these pests in everyday life. One might 
expect that the amount of media coverage that bed bugs have received would raise 
awareness and restore our knowledge and vigilance of bed bugs to pre ~1950’s levels, yet 
this has not been the case. We are frightened by the idea of bed bug infestations, but not 
frightened into action. Despite the fact that the necessary resources are often at our very 
fingertips, we, as a culture, do not know how to identify bed bugs, and no longer take the 
initiative to prevent infestations. Media coverage of bed bugs has waned, yet there is no 
indication that bed bug population levels are on the decline (Potter and Hayes 2014), nor 
is there any hint that a cheap, effective, and widely available treatment is on the horizon. 
In the absence of more successful non-cultural methods, it may be troubling to witness 
how serious this situation must become before the average citizen is knowledgeable on 
the subject without having to first experience an infestation of their own. 
Chapter 2  
If public awareness and cultural control of bed bugs is “half the battle”, what 
remains are the technologies and insights produced by industry and the academic 
community. Although I have shown that some natural-based products (particularly 
essentials oils) are ineffective when applied as direct sprays, and entirely ineffective as 
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residual sprays, I have explored only a fraction of the market. Rather than focusing on a 
few naturally-based products, it may be more productive to evaluate many naturally-
based insecticides through a process of rapid elimination. Ten or twenty natural products 
could undergo initial screening by using 10 pyrethroid-resistant bed bugs per insecticide. 
A standard for acceptance or rejection of products for further screening could be decided 
upon based on how well these products perform over a given time interval when 
compared to industry products (ex. rejection if product fails to exceed 70% mortality by 
day three). If my own research is any indication, few of these products will pass an initial 
assessment. Those which do could then be examined for direct-spray efficacy on a larger 
and more statistically meaningful scale. Those which meet the standard for direct-spray 
efficacy could then be evaluated for residual-spray efficacy on an even larger scale. 
Combining a series of such studies would produce the most comprehensive reference on 
bed bugs and the efficacy of natural products. 
Although more work should focus on emerging natural products, we should also 
continue to refine our understanding of popular industry products through simple 
insecticide efficacy testing. Potter and Haynes (2014) detailed the 10 most commonly 
used bed bug products in 2007, 2010, 2012, and 2013, and found that insecticide choice 
has changed rapidly in recent years. As noted by the authors, pyrethroid/neonicotinoid 
combinations have become particularly popular due to industry resistance concerns. 
Although this is a logical shift, it would be more reassuring to know that these products 
are becoming popular because they are determined to be effective, and not through 
deductive reasoning or, far worse, successful marketing. It is currently difficult to say 
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whether a particular product works well against “bed bugs”, since, as a whole, bed bugs 
cannot be easily classified as resistant or non-resistant to insecticides. Resistance is a 
spectrum, varying by strain and product used, with resistance profile patterns specific to 
geographic region (Lilly et al. 2014). The few products which have been repeatedly 
evaluated by researchers have rarely been evaluated under the same conditions. More 
labs testing the most commonly used products with a variety of the most commonly 
encountered strains will help form a clearer image of this most frequently used method 
for non-cultural bed bug control. Simple surveys should be conducted to determine why 
pest control operators are choosing particular insecticides to control bed bugs. Are these 
decisions based on random choice, experience, reasoning, product marketing, word of 
mouth, or a combination of these or other variables? If we understand how and why 
product selections are made, we may be able to help pest control operators make 
informed product choices which are based on sound reasoning. 
Chapter 3  
Results from my horizontal insecticide assay suggested that bed bugs are capable 
of transferring lethal levels of insecticides to other bed bugs. The choice of a nonporous 
surface (metal panels) likely increased the availability of these insecticides to bed bugs 
relative to nonporous surfaces (e.g. carpet, wood). I would therefore not expect those 
products which performed poorly on metal to perform better on surfaces which absorb 
the insecticide. A natural extension of my research would be to choose those products 
which were most effective on metal panels for similar assays involving more porous 
surfaces. This approach would develop a more comprehensive picture of how this 
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phenomenon may occur on a greater diversity of surfaces which may be encountered in a 
field setting. 
Chapter 4  
That so little information exists on the performance of products that are applied to 
bed bug eggs is surprising and difficult to explain. If even a single study demonstrated 
that bed bug eggs exhibited a uniform response to products, then the absence of further 
information on the subject would be more easily understood. However, my own research 
has demonstrated that an analysis of two strains and five products can produce drastically 
different results. As previously stated, additional assays with popular insecticides would 
be worthwhile. The actual mechanisms of embryonic/egg resistance would also be worth 
exploring. Future researchers could compare the thickness and composition of the 
chorion of bed bug eggs with higher hatch rates (field strains) to the eggs of more 
susceptible strains (Harlan). It may also be possible to quantify embryonic expression 
levels of cytochrome P450’s to determine whether insecticides are penetrating the 
chorion. An insecticide such as Phantom, for example, which is highly toxic to adult bed 
bugs, yet failed to inhibit even Harold Harlan egg hatch, would be expected to show low 
levels of expression due to lack of chorion penetration.  
Chapter 5  
Regarding my repellency assay, which demonstrated that an interaction of bed 
bugs and products could alter bed bug orientation, future research could be conducted to 
determine whether a harborage/panel containing live bed bugs treated directly with an 
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insecticide will be preferred by other bed bugs over surfaces which may consist of, for 
example, panels which are not exposed and not treated, exposed and not treated, or 
treated and “not exposed” (ex. exposed for seconds or minutes). The strongest bed bug 
odors (alarm pheromones) that I have smelled have come from bed bugs that were 
exposed to insecticide-treated panels. It would be worthwhile to evaluate whether these 
alarm pheromones deter (more expected immediately after sprays) other bed bugs, and if 
so, determine how long this period of deterrence lasts. 
Chapter 6  
If bed bugs do emit airborne sex pheromones, there is the potential that these 
pheromones could be incorporated into bed bug detection and interception devices. 
Nothing in the literature suggests that an effort has been made to determine whether bed 
bugs use sex pheromones, though if such studies were conducted and the results were 
negative or inconclusive, it is unlikely that the study would have been published. The two 
main approaches to addressing this question are through behavioral assays and chemical 
ecology. While it may be tempting to begin answering this question by comparing male 
and female chemical profiles, it would be impossible to conclude whether these 
differences have any relevance to sex pheromones or behavior without demonstrating that 
such a behavior actually exists. If the behavior exists, the mechanism can ultimately be 
found. Considering that my results were significant at α=.10, and were indicative of the 
behavior one would anticipate if bed bugs used sex pheromones, future researchers may 
wish to conduct similar assays. If similar behavioral studies are undertaken, the study 
should be repeated several times due to the low number of replicates available per 
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individual study. Further inquiry into the chemical ecology of bed bugs may include the 
distance at which bed bugs are capable of detecting and responding to the presence of 
host odors. As Usinger (1966) stated, “the means of finding a host is the most 
controversial subject in the study of bed bug behavior”. Many of the host factors which 
bed bugs respond to are known, but the strength of these cues to elicit a response is still 
poorly understand, particularly at long distances and over longer periods of time.  
Chapter 7  
I determined that male bed bugs are capable of mating and producing viable 
offspring, even if deprived of blood for 17 days. There were no differences in female 
fecundity based on male nutritive status. These findings contradict Mellanby (1939a) 
which showed that male bed bugs would not attempt to mate if deprived of blood for 
more than 14 days. To extend this work, future studies may be conducted which examine 
male reproductive capacity on an even longer timeline, by adding treatments beyond 17 
days in one week (or shorter) intervals. As male reproductive capacity showed no signs 
of declining at the 17 day mark, it is possible that male bed bugs are capable of producing 
offspring until succumbing to death by starvation.  
Other areas of reproductive behavior are also worth exploring. I have frequently 
observed female bed bugs resting on clusters of eggs while in condiment cups. I believe 
that this is likely a result of the insect being drawn to the only visually and/or physically 
unique feature in the environment, yet this may not be the case, as many Hemiptera are 
known to engage in egg-guarding behavior (Tallamy and Schaefer 1997). Simple 
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experiments could be conducted in which females are isolated (in small containers) from 
one another in a larger arena. These females could be removed and reintroduced to the 
arena to determine whether females somehow identify and relate to their own eggs, or 
simply relate to any eggs/distinct objects in the environment. It also appears that bed bugs 
may lay more eggs in the presence of other eggs. While attempting to determine the 
number of females needed to lay a sufficient number of eggs for the experiment 
conducted in Chapter 5, it appeared that bed bugs which were held in isolation, or 
together in groups of 3 or 4, laid fewer eggs per bug than those held in larger groups (~8-
10). Egg clusters often totaled 20 or 30 eggs, which greatly exceeds the number of eggs 
an individual female can produce in a 24 hour period. Future researchers may wish to 
quantify this by comparing the egg output of isolated females with those held together in 
larger groups. Such findings may have implications for population growth rates. 
Chapter 8  
I determined that teneral bed bugs differed significantly in maximum and 
cumulative height climbed. Teneral bed bugs also approached significance for average 
height climbed when compared to sclerotized bed bugs. As previously stated, photos and 
field observations of exuviae remaining in intercept traps has lent some credit to the 
possibility of teneral bed bugs escaping such devices more readily than sclerotized bed 
bugs. Future researchers may wish to place fed, fifth-instar nymphs in interception 
devices and determine whether more bed bugs escape from such devices as teneral adults 
compared to sclerotized bed bugs. Such assays could also be conducted with adult bat 
 130
bugs, as bat bugs do establish infestations in homes and are very efficient at climbing 
glass, even as sclerotized adults.  
Research Applications  
 My research has provided insight into various aspects of bed bug biology and 
control. As bed bug prevention and treatment requires an integrated pest management 
approach, every contribution to our understanding of the species offers hope for more 
effective pest management strategies. My investigation of natural products (Chapter 2) 
suggests that most currently produced natural products are ineffective, and should not be 
used as a substitute for professional treatment. Results from my horizontal insecticide 
transfer assays (Chapter 3) demonstrated that Transport and Zenprox produced high 
mortality among bed bugs which were directly and indirectly exposed to insecticides. 
These products may be the best option in environments which are dominated by 
nonporous surfaces. My research into egg hatch rate and nymph mortality (Chapter 4) 
revealed differences in product performance based on strain. Temprid, which was the 
most effective product against eggs, may be the best option for infestations with many 
eggs which can be sprayed directly. Infestations that are more difficult to treat directly, 
and/or which have many immature bed bugs, may need to be treated with products which 
show higher nymph mortality, such as Demand and Phantom. Results from my repellency 
assay (Chapter 5) showed that bed bug orientation may be affected by exposure to 
insecticide-treated bed bugs. These findings suggest that pest management professionals 
should be mindful of moving populations when treating infestations or monitoring post-
treatment. The movement of such populations into previously untreated areas may 
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contribute to control failure, or give false confirmation that bed bugs have been 
eliminated from a particular area. Although the results from my male orientation behavior 
assay (Chapter 6) do not have immediate applications, it is possible that future behavioral 
assays or chromatography studies will suggest the presence of female sex pheromones, 
which may ultimately be used in bed bug interception devices. The findings from my 
study of male starvation effects on female fecundity (Chapter 7) may have limited 
applications in the context of control, but are important in terms of furthering our 
understanding of bed bug reproductive behavior and physiology, as these findings 
contradict previous research. Finally, the results of my investigation into the climbing 
ability of teneral and sclerotized bed bugs (Chapter 8) indicate that some barrier and 
interception devices may not be entirely effective. Researchers, pest control operators, 
and product manufacturers should no longer operate under the  assumption that smooth 
surfaces are barriers to bed bug movement, particularly when cues are present which may 
elicit climbing behavior (host cues, alarm pheromones, etc.).  
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APPENDIX A:  BED BUG FEEDING, HANDLING, AND MAINTENANCE 
Container types 
Depending on strain, our bed bugs are maintained in either plastic, screw-cap 
containers (pyrethroid-resistant, field-strain bed bugs, Figure A-1) or glass mason jars 
(Harold Harlan-strain bed bugs, Figure A-2). Opening from the bottom and fitted with a 
mesh top, our screw-cap containers are clear polystyrene, and measure approximately 7 
cm by 5.5 cm (4 oz), while our mason jars are 16 oz (473 ml) wide-mouth Ball© 
(Daleville, IN) jars. Screw-cap containers are purchased from Consolidated Plastics 
(Stow, OH). A Dremel® (Robert Bosch Tool Corporation: Mount Prospect, IL) is used to 
remove the top of the container before gluing plankton screening (Bioquip: Compton, 
CA) to the top of the jar. This creates a screened surface for bed bugs to feed through. 
Although Harold Harlan-strain (“Harlan strain”) bed bugs would probably survive well in 
either container, the pyrethroid-resistant field strain (“field strain”) is reluctant to feed in 
the larger containers, and may require higher ambient heat or closer contact to heated 
glass that results from using smaller containers. 
Cleaning and removing bed bugs from containers: field strain 
Field-strain bed bugs are very sedentary and negatively phototactic compared to 
Harlan-strain bed bugs, and will generally try to hide within folds on the underside of the 
envelope paper. Prior to working with bed bugs, ensure that your sleeves are rolled up 
and that long hair is tightly bound. Any loosely hanging items may drag across the pan 
and pick up bed bugs. Use the methods described in the next paragraph to remove 
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envelope paper from the containers. Adults can then be removed from the paper with 
lightweight forceps. Dedicate your full attention to what you are doing, and act slowly 
and deliberately. Ensure that bed bugs do not crawl up the forceps and onto your hand. 
Although it may seem counterintuitive, gloves are not recommended. Bed bugs will 
generally feed the moment they contact skin, and their bites can sometimes be felt within 
seconds. It is better to see a feeding bed bug on your hand (they are more visible when 
inflated with blood) or detect one while crawling on exposed skin than to have one climb 
along the length of a glove, where it is more likely to reach the upper portion of a limb 
and/or clothing and be transported to another location.  
Rearing containers for field-strain bed bugs are opened by holding the container 
lengthwise above one side of a smooth, clean metal pan and unscrewing the cap. The cap 
should be placed in the pan opposite the area where bed bugs/exuviae have dropped into 
the container after cap removal. While holding onto the container (at the end opposite the 
container’s mouth, but not with fingers on the mesh top), the envelope paper within the 
container should be slowly removed using a pair of long forceps, and placed within the 
metal pan. Accumulated exuviae should be removed by dumping exuviae from the 
container. The container should then be placed (open side down) away from the envelope 
paper/bed bugs. Additional exuviae should be removed by gently teasing apart the 
envelope paper and brushing exuviae away. Any bed bugs needed for experiments may 
be removed at this time. To reinsert the envelope paper, examine the entire circumference 
of the plastic container for bed bugs, and again pick up the plastic container with your 
hands and maintain horizontally/lengthwise. Again, pick up the envelope paper with your 
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forceps, and gently re-insert the paper into the container. Examine the exterior of the 
screw cap lid for bed bugs before picking it up. As bed bugs are usually on the underside 
of the lid, gently pick up the lid to maintain the bugs in position, and screw the lid back in 
place. Carefully check the exterior of the container and hands/fingertips for bed bugs. 
Two strips of Parafilm measuring approximately 7.5 cm by 2 cm should be stretched 
around the area where the lid and container join to prevent bed bugs from escaping. If it 
appears that blood/feces has begun to cover the mesh to the extent that it inhibits bed bug 
feeding, this dried blood can be removed by simply inserting an insect pin through 
individual mesh holes. If this is performed rapidly, an individual container can be cleared 
of dried blood in 5-10 minutes. This process may need to be performed once or twice for 
each container over a ~2 year span. 
Any pan that contains or contained bed bugs should have several drops of dish 
soap placed in the center before being filled halfway (slowly) with warm water. At the 
very least, this container should remain overnight before being cleaned and considered 
free of bed bugs/eggs.  
Cleaning and removing bed bugs from containers: Harlan strain 
Removing Harlan-strain bed bugs from colony is more daunting than removing 
the pyrethroid-resistant, field-strain. Unlike field-strain bugs, all stages of Harlan-strain 
bugs are extremely active, particularly when unfed. Within several minutes of examining 
this strain within a metal pan, you will note that a number of adults have attempted to 
climb the sides of the container, and that, without intervention, some would be 
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successful. Harlan-strain bugs will also orient toward the side of the pan where the 
researcher is working and will attempt to climb the sides in response to CO2, heat, etc. 
Vigilance is paramount when handling this strain. 
The same requirements listed for pyrethroid-resistant, field-strain bed bugs apply 
for clothing (no long sleeves or tightly rolled sleeves and no gloves). Pre-cut mesh, pre-
cut envelope paper, a metal lid, a lid ring, and one pair each of long and lightweight 
forceps are necessary. Prior to opening any bed bug containers, one rectangular, metal 
pan should be filled several inches with warm, soapy water. This should then be placed 
perpendicular to an additional dry, rectangular metal pan, such that the water-filled pan 
forms the backbone of a capital “L”, and the dry pan forms the base of the “L”. This dry 
metal pan should be lifted slightly so that the lip along the left, short side of the container 
rests on top of the lower right lip of the soapy water-filled container (Figure A-3). As bed 
bugs will be transferred from the water-filled container to the dry container, this ensures 
that no bed bugs will fall in the space between containers.  
With the jar containing bed bugs placed in the center of the water-filled pan, 
begin by removing Nescofilm® from the perimeter of the lid. Unscrew the metal cap ring 
and place in the water filled pan. Using the long forceps, pick the mesh off the top of the 
bed bug jar and submerge in warm water. Swirl the forceps in water to remove any 
attached bed bugs, then dry off the end of the long forceps with the paper towel. Use the 
forceps again to gently remove the envelope paper from the inside of the jar. Do not 
remove the paper if it appears to be lodged in the container. Doing so may cause the 
paper to rapidly expand as it exits the jar, posing the risk of flinging bed bugs. If the 
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paper can be removed easily, quickly but steadily move the paper to the center of the dry 
pan by moving the paper over the metal pans only. Never lift any object that has bed bugs 
on it over the table or over any surface other than one that will be subsequently cleaned. 
Place the end of the long forceps in the water pan to drown any bed bugs that may be 
clinging to the forceps. At this point, the jar containing bed bugs will have many 
individuals running along the rim. Any bed bugs that attempt to drop from the jar will 
drown in the warm water.  
Have both pairs of forceps in hand before picking up any bed bugs. As you 
engage in this process, be sure to continually examine the sides of the pan to ensure that 
no bed bugs are escaping by scaling the sides of the container. You may wish to crush 
any individuals that appear adept as this behavior, as I have found that the same 
individual bed bugs will engage in this behavior repeatedly. The simplest way to remove 
bed bugs from the pan involves locating isolated individuals. Try to remove those that are 
not surrounded by other bed bugs (particularly early instars) to reduce the risk of having 
additional bed bugs climb onto your forceps. If any unwanted bed bugs cling to the 
forceps or to individuals that you are attempting to pick up, drop the bed bugs and use the 
pair of forceps in your alternate hand to knock off any individuals that may remain 
attached. 
If the glass jar containing bed bugs needs to be cleaned of exuviae, begin by 
knocking off any bed bugs clinging to the sides of the jar, and finish by knocking off 
most of the individuals along the top. Gently lift the jar and dump its contents into the dry 
metal pan. Place the jar back in the warm water container. Carefully take this metal pan 
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to the sink and fill slowly with warm, soapy water. This container should be left 
overnight at the very least. 
To cap-off the container of bed bugs sitting in the pan of soapy water, have the 
pre-cut mesh, pre-cut envelope paper, lid ring, and scissors at hand. Use the long forceps 
to insert the new envelope paper into the glass jar. Quickly place the end of these forceps 
in the warm water pan. Place the mesh over the open mouth of the mason jar before using 
one hand to screw the lid ring over the mesh. Keeping the jar in place, trim off any excess 
mesh while looking for bed bugs that remain on the mesh or on the outside of the 
container. Once the exterior of the jar is free of bed bugs, two strips of Nescofilm (each 
three squares long) should be wrapped around the lid ring. This will prevent any bed bugs 
from escaping. 
Bed bug feeding 
Our bed bugs are fed defibrinated rabbit blood (purchased from Hemostat 
Laboratories: Dixon, CA) once per week through the use of an artificial feeding system 
(Figure A-4).This system, originally developed by Garcia et al. (1975), and later modified 
by Montes et al. (2002), effectively imitates the elevated body temperature and epidermis 
of a bed bug host. The system functions by using a hot water bath (Isotemp Fisher 
Scientific Model 2239) coupled with a water pump (GeoGlobal Partners Model FP80: 
West Palm Beach, FL) to circulate heated water through a series of nalgene tubes. Our 
artificial feeding system uses five tubes (each ~45 cm) to connect a series of four custom-
made glass bed bug feeders (Figure A-5) manufactured by Prism Research Glass Inc. 
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(Raleigh, NC). Each feeder is held in place with a chemistry clamp and stand. These 
feeders can be lowered or raised, brought forward or backward, or rotated left or right. 
Using circulated water, each container is heated to the temperature set for the hot water 
bath. Our system limit control and temperature control dials are both set halfway between 
5.0 and 5.5, to maintain a temperature of approximately 40°C throughout feeding. As 
each container is hollow (from top to bottom) in the center, a piece of Nescofilm (Bando 
Chemical Industries, LTD.: Kobe, Japan) is stretched over the bottom of the glass to 
contain blood that is injected into the upper opening of the feeder through the use of a 
pipette. Bed bug containers with mesh tops are then placed beneath and against this layer 
of Nescofilm. After detecting and moving to the location of the heat/blood source, bed 
bugs insert their mouthparts through the mesh and pierce the Nescofilm to obtain a blood 
meal.  
Preparation for bed bug feeding begins by ensuring that the hot water bath is on 
and that both dials are adjusted to the aforementioned settings. The bath can be turned on 
by flipping the front switch to the “on” position. Bed bug feeding containers should be 
prepared by cutting one square of Nescofilm per feeder and stretching it by 1 cm left to 
right, and top to bottom. Stretching the film allows it to be placed over the base of the 
feeder. After placing and firmly wrapping the Nescofilm around the feeder base, two 
strips of Parafilm (Bemis NA: Neenah, WI), each approximately the length of two square 
sections, should be wrapped around the Nescofilm to secure it in place. This should be 
repeated for all glass feeders. All glass feeders can then be clamped in place. Sponges 
should be rinsed with water, squeezed out, and placed on the chemistry stand base 
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beneath the glass feeders. The sponges will allow bed bug containers to be pressed 
against the bases of the glass feeders without creating excessive pressure that could tear 
the mesh top of the container. The series of tubes should be connected to all feeders by 
screwing the couplings to the tops of each feeder. The water pump should then be 
plugged in. Leaks or circulation issues should be addressed before bed bugs are placed 
beneath the feeding containers. Once the hot water is circulating through the tubes and 
feeders, bed bug containers can be placed on the sponges, and feeders can be lowered or 
raised to fit against the tops of the bed bug containers. The bed bug container and sponge 
can be placed on a wooden block for elevation if the clamp cannot be lowered to the 
desired position. After bed bug containers have been secured to glass feeders, each feeder 
can be filled with blood by using a disposable pipette to inject blood into the feeder’s 
central chamber. Eighty ml of blood can feed ~8-10 densely populated containers, or 
several thousand adult bed bugs, for two weeks with ~15 ml to spare for other uses. 
Feeding containers can be filled halfway if the amount of blood needed by the bed bugs 
in the container is unknown. Lights should be turned off to promote feeding. Bed bugs 
should be allowed to feed for ~30 minutes. Another group of bed bugs can be fed using 
the same Nescofilm. A third round can be fed if the original strip of Nescofilm was 
weakly stretched, otherwise, this film should be replaced. After fed bed bugs have been 
placed back in their original location, glass feeders may be removed by turning off the 
water bath heat and unplugging the circulation system. The glass feeder farthest from the 
hot water bath should then be raised several inches above all other feeders. The plastic, 
glass feeder coupling that is farthest away from the hot water bath should be loosened 
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first. This will drain the water from the entire tubing system and back into the water bath. 
All tubing can be removed from the feeders, and the feeders can be washed thoroughly 
with warm water. Feeders are slippery when wet, and should be washed on the bottom of 
the sink to avoid being dropped and shattered. Any dried blood that remains in the 
feeders can be cleaned out with wet pipe cleaners.  
We receive one blood shipment every two weeks. Blood should be picked up 
within a few hours of delivery and placed on a mixing plate within a refrigerator. If you 
are unsure of the amount of blood required to feed the colony, begin by ordering 50 ml 
every two weeks.  
Isolating bed bugs during experiments using a moat system 
When evaluating bed bug responses to a treatment (insecticide applications, etc.), 
some experiments may call for the use of containers that have not been tested previously. 
As bed bugs are capable of entering and exiting minute cracks and crevices in structures, 
the possibility of bed bugs escaping experimental containers is present. Any breach in a 
container poses an infestation hazard. A simple way to ensure that escaped bed bugs will 
not cause infestations is to use a moat system (Figure A-6). This system consists of 
isolating bed bugs in a plastic container half-filled with soapy water. The size of the 
container will vary based on the size and number of experimental units being examined, 
but the basic design remains the same. After determining the dimensions (length and 
width) needed to examine one complete block of experimental units, two pieces of 
cardboard (more or less based on durability and weight of experimental units) should be 
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cut to fully contain all of the units. The size of the plastic container that will serve as the 
moat can then be selected based on the cardboard dimensions. The container should be at 
least 3 or 4 cm wider and longer than the cardboard. Once the container is selected, a few 
drops of liquid dish detergent can be placed within the container as it is being filled to the 
halfway mark. This detergent disrupts surface tension and quickly drowns any bed bugs 
that might fall into the container. Once the container is half-filled, an object with a flat 
upper surface can be placed within the container to serve as the “island”. The cardboard 
containing the experimental units is then placed on the island and centered. Any bed bugs 
that escape from containers are forced to remain on the cardboard, or fall into the soapy 
water. I used a variety of smaller rectangular containers as islands. These containers were 
constructed of a hard plastic. Due to their buoyancy, the containers had to be inverted and 
submerged within the larger container, and then pressed against the bottom of the water-
filled container until enough air was removed to create suction between the larger 
container filled with soapy water and the smaller “island” container. Although this 
approach was effective, this method is not necessary if other less buoyant objects are 
available for use as “islands”. Any chemically inert object that is heavy enough to remain 
in place throughout the experiment, and that can be fully submerged after the experiment 
(to drown any bed bugs), should be sufficient. 
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Fig A-1: Container housing pyrethroid-resistant, field-strain bed bugs used throughout 
my research. Containers consist of mixed sexes and life stages of a single strain. When at 
full capacity, a container of this size can house several hundred adult bed bugs, as well as 
hundreds or even thousands of eggs, nymphs, and exuviae. 
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Fig A-2: Container housing Harold Harlan-strain bed bugs used throughout my research. 
Containers consist of mixed sexes and life stages of a single strain. When at full capacity, 
a container of this size can house several hundred adult beg bugs, as well as hundreds or 
even thousands of eggs, nymphs, and exuviae. 
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Figure A-3: Metal pans arranged for working with Harold Harlan-strain bed bugs in the 
lab. Bed bug jars are placed in a metal pan filled with warm, soapy water. The left lip of 
the right container is placed on top of the right lip of the left container. Bed bug jars are 
retained within the left metal pan after opening. Envelope paper containing bed bugs is 
then transferred to the right metal pan. Any bed bugs that escape from jars in the left 
container quickly drown. The right container should be filled with warm, soapy water 
after use. 
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Figure A-4: Artificial feeding system used to feed bed bugs. Hot water circulates from the hot water bath on the  left and 
directed to the right, into the tube suspended above the glass feeders. Water enters the first feeder on the right and loops left 
through each feeder before returning to the hot water bath. Blood is maintained in place at the base of each feeder by wrapping 
one layer of Nescofilm around the feeder base. Blood that has been placed into each of the five hollow feeders is heated by 
water circulating through each feeder. Feeders are lowered on top of each jar and are maintained in position for ~30 minutes 
for a full feeding cycle. 
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Figure A-5: Glass feeder used to feed bed bugs as part of an artificial feeding system. 
Glass feeders were custom made by Prism Research Glass Inc. (Raleigh, North Carolina). 
Glass feeders measured 60 mm by 60 mm. All feeders were supplied with caps and hose 
barbs.
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Figure A-6: Moat system used to contain bed bugs during experimental trials. Small containers housing bed bugs are placed on 
a piece of cardboard, which is then placed on an object in the middle of a larger, soapy water-filled container. Any bed bugs 
that escape from the smaller containers are forced to remain on the cardboard or drown in the water-filled container. All 
objects on the central “island”, as well as the island, are submerged at the completion of the study.
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